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Abstract
The need for non-contact micromanipulation methods is apparent for a number
of different applications. Optical tweezers, a technique which uses highly focused
laser beams to trap and move microscopic objects, has become an important tool
for many applications owing to its incredible precision and dexterity. Optical
trapping is, however, limited in several ways. It often struggles with particles
larger than 10 µm, agglomerates and large numbers of particles.
Complimentary technologies such as acoustic trapping, aim to overcome some
of these limitations. This technique, also termed as Sonotweezers, uses ultrasonic
fields to manipulate particles and can manipulate large particles with ease and
manipulate large numbers of polydisperse particles and agglomerations, although
they currently lack the dexterity of optical tweezers. Combining these two trap-
ping modalities overcomes the some of the limitations of both of them and opens
up a new range of useful applications.
Three main types of hybrid optical and acoustic traps have been devised and
are presented here. The first is an acoustic Bessel beam trap which is used to
arrange a large number of polydisperse particles into concentric rings whereupon
the smaller particles can then be further manipulated using a single beam optical
tweezer.
A rudimentary optical sorting system, which pushes particles in a flow later-
xv
ally using an optical trap, has been combined with an acoustic levitator, which
moves all particles away from the edges of the microfluidic channel reducing on
sticking and other negative effects.
A novel optically transparent ultrasonic device has been developed for easier
integration into optical traps without the need for modification. This transpar-
ent trap has also been used in combination with a multibeam interference optical
sorter to improve the separation between 5 and 10 µm particles.
1Introduction
While both optical trapping and acoustic trapping have shown to be useful for a
number of different applications both still have their limitations. A hybrid system
may provide a way to compensate for these shortcomings and open up new ap-
plications which would have been difficult to achieve using either modality of its
own. This thesis presents several such methods which can be further developed
to meet the needs of but a few new applications.
First introduced by Ashkin et. al. [1] in 1986, single beam gradient force
traps or “optical tweezers” utilise a highly focused laser beam to trap solid di-
electric particles. When placed in the focus of a Gaussian laser beam, particles
in the Mie regime (the diameter of the particle is larger than the wavelength
of the light) that have a refractive index higher than that of their surrounding
medium will experience a net force that will draw them towards the area of high-
est light intensity. The reason for this can be understood by considering the ray
optics description of a light beam travelling through a transparent particle [2]. A
Gaussian beam will possess a light intensity profile where it is at its most intense
at the geometric centre of the beam. As this light beam refracts as it passes
through the particle, there will be a change in the momentum carried by the
light which will be larger for the more intense rays of light. Considering New-
2ton’s third law and the conservation of momentum, the particle will experience an
equal and opposite change in momentum resulting in a net force that will draw it
towards the region of highest light intensity. This would explain the lateral force
experienced by an optically trapped sphere, but to create the necessary light in-
tensity gradient required to achieve stable trapping axially, one generally requires
a very highly focused beam created using a high numerical aperture (NA) lens [3].
Orientations of optical traps are not reserved for optical tweezers, before the
inception of “single beam gradient traps” Ashkin et. al. [4] experimented with
a number of different laser based manipulators. Such traps are mostly based
purely on the scattering force inflicted on particles in the Mie regime. Optical
levitators, whereby a single laser beam is used to hold a particle against gravity
or counter-propagating beam traps where the particle becomes trapped between
two beams, have also been used in the past. Some traps similar to these have
found new applications in recent years, such as dual beam cell stretchers [5] and
standing wave optical traps [6]. Such traps do not necessarily require the high
numerical aperture optics used in optical tweezers, thereby showing the flexibility
of optical traps.
Despite the usefulness of these other trap geometries, optical tweezers remain
the most widely used for a number of applications. This is likely due to their
high precision and dexterity and selectivity in trapping individual objects. There
is also a range of devices and methods which can increase the efficiency and cre-
ate arrays of optical tweezers, opening up further applications, namely spatial
light modulators (SLM) [7] and acousto-optic deflectors (AOD) [8]. However,
it is optical tweezers ability to very sensitively detect forces which has led to
their arguably most intriguing applications [9]. Such applications as measuring
the forces of small cells during chemotaxis [10] and determining the mechanics of
myosin and kinesin [11] have become possible with the advance of optical tweezers.
3Optical traps are not without their drawbacks, however. The size of parti-
cles which can be efficiently manipulated is somewhat limited and the distance
over which particles can be moved is also limited depending on the optics used.
Several other trapping modalities have been proposed, not to replace optical trap-
ping but to offer complementary techniques which aim to overcome some of these
limitations. Some of these include dielectrophoresis [12], magnetic trapping [13]
and acoustic trapping [14]. It is acoustic trapping which is the main focus for
this thesis.
Acoustic traps, also termed Sonotweezers, utilise ultrasonic fields to manip-
ulate objects. Such acoustic traps have the ability to trap larger particles with
larger forces over a much greater size of field. Some methods include using fo-
cused ultrasound fields to trap particles in a similar manner to optical tweezers
[15] but the most common devices utilise ultrasonic standing waves. This created
usually using either a resonant device whereby a piezoelectric element coupled
to a fluid chamber with some sort of reflecting layer at the opposite side of the
chamber which will, when excited, create a standing wave within the fluid [16]
or by using opposing piezoelectric devices which create a standing wave between
them within a fluid which can then be phase shifted [17]. In both cases a stand-
ing wave is created which cause particles within the field to experience radiation
forces, moving them towards the nodes, or areas of minimum pressure, within
the wave [18]. This presents a very useful method of arranging particles into a
pattern determined by the nature of the ultrasonic field.
While it can be said that acoustic traps generally produce larger trapping
forces than optical traps, this is only true for certain particles and certain ar-
rangements of trap. The acoustic trapping force depends heavily on the size of
the particle which is being trapped, as expressed in Gor’kov’s equations [19], thus,
4at the size of particle which is normally managed by optical trapping, around 1-
5 µm, the trapping force becomes comparable. Where acoustic trapping really
shows its strength is in its ability to handle larger and macroscopic objects [20]
and its ability to trap agglomerates and polydisperse sets of particles.
Acoustic traps cannot yet demonstrate the same precision and dexterity which
is offered by optical traps. It is for this reason that one must look towards a hy-
brid optical and acoustic trap for a solution. A hybrid trap would aim to offer
both the precision and dexterity of optical traps whilst maintaining the scalabil-
ity of acoustic traps. Combined acoustic and optical traps have been presented
previously [21] but the potential for further development throws up a number
of exciting opportunities. Optical traps could be used to determine and fully
calibrate the acoustic trapping forces experienced by a particle, a large set of
polydisperse particles could be first patterned using the acoustic force and then
select particles could be positioned using optical tweezers and optical cell sorting
could be improved through the use of ultrasonic standing waves to move all par-
ticles away from surfaces, reducing on incidences of sticking and dragging.
The aim of this thesis is to present several different arrangements of hybrid
optical and acoustic traps in order to achieve the best of both worlds and open up
new applications which may not have been possible using either modality alone.
As part of this work, three distinct approaches to the building of a hybrid
system have been investigated. The first has been to utilise a large acoustic trap
working laterally in a suspension of particles whilst an optical trap is used to ma-
nipulate particles within this acoustic field. The reasoning for this is that whilst
acoustic traps are good at trapping particles over a large area an optical trap is
required to selectively fine position some particles as required. The second ap-
proach is to use an acoustic levitator whilst an optical radiation force trap works
5laterally to the sample. This provides the advantage that acoustic levitation will
reduce on the negative effects of operating with particles close to a boundary
which will increase the efficiency of the optical trap when used as a sorter. The
final approach is to use an acoustic levitator with a standard optical trap manip-
ulating particles from above laterally. Again, this is to increase the efficiency of
the optical trap by moving all particles far from the boundaries. To aid with this
transparent acoustic levitators have been created which can be included in most
optical systems without the need for modification.
By investigating different trap arrangements in this manner we demonstrate
the full complementary nature of these trapping modalities and attempt to use
their versatility to its fullest. All methods have their own drawbacks and chal-
lenges as well as advantages which will be discussed in full in their respective
chapters.
Chapter 2 will present, in more detail, the previous work on microparticle
trapping, including magnetic trapping and dielectrophoresis but mainly focus-
ing on the recent advances in optical trapping, acoustic trapping and previous
attempts at creating a hybrid system. Chapter 3 will present an experiment
where an ultrasonic Bessel beam trap has been created using a piezoelectric ring
and an optical trap is used to manipulate particles within the acoustic trap.
Chapter 4 will present a rudimentary optical sorting system where a resonant
acoustic levitator is used to improve sorting performance. Chapter 5 shows an
ultrasonic trapping device which is optically transparent, eliminating many of
the design concerns associated with introducing acoustic traps into an optical set
up. Chapter 6 presents a multi-beam interference optical sorting system where
a transparent acoustic levitator has been used to improve performance without
the need to adjust the optical system.
6This thesis, while presenting several systems whereby optical and acoustic
trapping systems are used simultaneously, will show the usefulness of hybrid sys-
tems generally and present the concerns, and in turn the solutions, of constructing
such a system. Whilst beyond the scope of the current work, a combined optical
and acoustic trap opens up a number of new applications which could not be
managed by one or other of them alone.
2Previous Trapping Methods
2.1 Introduction
The need for non-invasive micromanipulation methods has become very impor-
tant for many aspects of cell biology, molecular studies and nanotechnology. The
desire to have full and precise control over the microworld, through trapping,
arranging and perturbing objects opens up a new range of applications within
these fields and can provide the researcher with a wealth of information about
the structure and nature of the objects being manipulated. It is for this reason
that several different modalities have been proposed and investigated to achieve
this. Techniques utilising magnetic, optical and acoustic forces have all been used
previously in a number of different arrangements depending on the application
to varying degrees of success. This chapter will discuss the previous work into
these micromanipulation methods with a focus on two of the most widely used
and investigated modalities, optical and acoustic trapping.
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2.2 Optical trapping
2.2 Optical trapping
2.2.1 Radiation force traps
The technique of using laser beams to move microscopic particles began with
simple single beam radiation force traps. Whilst it can be fairly counter-intuitive
to consider that light can have a profound effect on the movement of physical
objects, for objects of a very small size the influence of light can be rather signif-
icant. This physical movement arises from the transfer of momentum related to
the scattering force of a laser beam striking an object [4]. This force is usually
quite small (v< 1 nN [4]) but this can be significant for particles of a very small
mass. This effect was first described by Ashkin in 1969 in a simple experiment
whereby a 1 W argon laser of wavelength, λ, 0.5145 µm was used to accelerate
and deflect 2.68 µm sized dielectric particles [22]. In this paper it was also noted
that the spheres were also drawn into the beam axis implying the existence of a
transverse force. This transverse force could be described in terms of ray optics.
For a Gaussian laser beam striking a transparent particle of a size larger than
the wavelength of the trapping light, one could consider two rays which hit the
particle. One of the rays is much closer to the central axis of the laser beam than
the other and is therefore of a higher intensity. As both beams refract through
the particle there will be a transfer of momentum causing a net force in the op-
posite direction to which the ray has deflected. Knowing this, the overall net
transverse force will be in favour of the more intense rays of light causing the
particle to move towards the central axis. It was also described in this paper
that the radiation force on these particles depends on their size, for 2.68 µm par-
ticles experienced a much higher force than 0.5 µm particles of the same material.
Whilst solid particles with a refractive index higher than that of their sur-
roundings experienced a transverse force dragging them towards the central beam
axis, the opposite effect was notices for bubbles and particles with a lower refrac-
9
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tive index. This can be understood simply by considering our previous ray model
and that in this instance the refraction through the particle would be reversed,
repelling the particle from the beam centre. Such particles do still experience the
radiation force associated with laser beam trapping. The levitation of small gas
bubbles has been described by Unger and Marston [23] in 1988. The levitation
in this case was to balance the bubbles, of sizes 10-40 µm, against their natural
buoyancy so the laser beam would be acting downwards. Using a continuous
wave laser of wavelength 0.5145 µm but this time with a TEM01 or Laugerre-
Gaussian mode with an on axis intensity minimum the bubble could be held in a
stable position against its buoyancy. It is also noted that this paper emphasises
the importance of using optical trapping instead of acoustic trapping, to reduce
on acoustic emission which would otherwise have affected the experiment. This
point, however, will be discussed in more detail later in this chapter.
Ashkin also released a series of papers based around utilising several different
arrangements of radiation force traps including a levitation trap for solid particles
similar to the bubble trap described already but with an opposite configuration.
This trap would use a TEM00 mode laser beam to stably hold a solid particle
against gravity using the same principles of radiation force [22]. This apparatus
was also used to measure the viscous drag forces on such a particle by using the
trap to drag the particle through a fluid and measure its deflection from the beam
axis.
2.2.2 Optical tweezers
Ashkin’s ground work on radiation force traps would eventually lead to what was
originally named “single beam gradient force trap” [1]. Keeping in mind the same
principles from which the transverse trapping effects which arose from the light
gradient present in a Gaussian beam, it was seen that this effect could also be
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achieved in three dimensions. By using a high numerical aperture lens (NA =
1.25) the nature of the refraction of the light through the particle would result in a
backward axial gradient force which would be greater than the forward radiation
force previously described. The resultant forces would position the particle stably
on the beam axis slightly below the beam waist, as shown in figure 2.1, which
could then be successfully manipulated in three-dimensions. This effect could be
achieved for solid particles within the Mie regime (where the particle size is of the
same order as the trapping beam’s wavelength) [3]. It was this discovery that has
since turned out to be the most significant causing a great number of applications
which were only made possible through this apparatus now commonly known as
the “optical tweezer”.
Figure 2.1: The principle of optical trapping of particles in the Mie regime. The
particle will move to the most intense region of the light, this can also be achieved
in three dimensions as shown in the right image
It is this simple principle which has been further built on and improved over
the past 26 years with the ability to shape the beam and correct for aberrations
creating stronger and more efficient traps. The ability to have several simultane-
ous optical tweezers has also been seen as advantageous for several applications.
11
2.2 Optical trapping
Whilst the focus has mainly been on the advancement of the optical tweezers
principle, there has also been a place for other arrangements such as dual beam
and counter propagating traps. It is because of this kind of flexibility that optical
traps have become very widely used.
Particles in the much smaller Rayleigh regime (where r << λ) can also be
trapped optically. This, however, can be somewhat more challenging than trap-
ping particles in the Mie regime. This is of particular concern when trapping
gold nanoparticles [24]. Often, a similar apparatus is used to trap particles in
the Rayleigh regime as in the Mie regime but it is the absorption of the particle
which dominates in this case [2].
2.2.3 Biological applications of optical tweezers
Since the first description of optical tweezers in 1986 there has been a very clear
trend towards biological applications. A clear understanding of the mechanical
forces and the nature of how cells move has always been at the core of most
biological research [25]. Having a reliable and precise way to manipulate and
perturb cells gives us some fascinating insights into the behaviour of such cell.
With the advancement of optical trapping providing just such reliable tools they
have rightly been adopted as an essential tool in many fields of biological research.
Before they can be used on living cells, however, it was important to have an
understanding of the risks involved in using intense light. There have been several
studies into just this in the past with a few notable ones being by Mirsaidov et. al.
[26] and Neuman et. al. [27]. The photodamage caused to the cells by focused
laser beams is of the utmost concern and can depend on a number of factors.
The Neuman paper focused on the photodamage caused to Escherichia coli in
optical traps. By creating a single beam optical tweezer with a choice of several
different laser wavelengths they could study the importance of wavelength on
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cell photodamage. It was found through this method that the wavelength region
between 870 and 910 nm to be particularly harmful to the E. Coli cells trapped
at 100 mW laser power and 970 and 830 nm to be the safest wavelengths. The
wavelength dependence of photodamage is shown in figure 2.2. The dependence
on laser intensity is also profound as one would expect which places a limit on
the trap stiffness which can be achieved. The Mirsaidov et. al. study, which also
focused on the viability of E. Coli cells built on this information by only focusing
on 930 nm, as the most damaging wavelength, and 830 nm, as the least. The
difference here being that multiple, time-shared, optical traps were set up and it
was found that the cell viability depends not on the peak laser power but on the
time averaged power and that therefore the laser energy is the main factor for
cell viability.
Figure 2.2: The wavelength dependence of photodamage in E. Coli trapped in
optical traps at 100 mW of laser power. The sensitivity is the reciprocal of the
LD50, also known as the median lethal dose, or the dose required to be lethal to
50% of a population. The line represents a cubic spline fit to the data. This shows
the most damaging wavelength for these cells is 930 nm [27].
2.2.4 Optical tweezers as a force measuring device
One of the reasons that optical tweezers have seen a wide use in biological ap-
plications is that they can be used as an incredibly sensitive force transducer.
In order to use optical tweezers as a device for force measurement the optical
tweezer itself must be calibrated to as high a degree as possible [28]. There are a
few common methods for doing this, one of which is to calibrate the force against
13
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Stoke’s drag. The viscous drag force on a stationary sphere in a laminar flow is
given by Stoke’s law 2.1.
FD = 6piηrv (2.1)
Where η is the fluid viscosity, r is the radius of the sphere and v is the velocity
of the fluid. By creating a laminar flow around an optically trapped sphere, using
either a flow chamber or a motorised sample stage, one can measure the optical
trapping force either by measuring the deflection caused by the flow or by finding
the escape force. One of the major flaws in this method is that the drag force
must be corrected depending on how close the trapped particle is to a surface.
This requires applying Faxen’s corrections to equation 2.1 [28]
FD =
6piηrv
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Where h is the distance of the particle to the closest surface. Knowing how
far a particle is from a surface is not always a trivial matter practically and this
can have profound effects on the accuracy of this as a force measurement method.
The axial trapping force can also be measured against other known forces such
as gravity. By holding a particle against gravity and subsequently reducing the
trapping laser power until the particle is no longer held, one can gain a measure
of the trapping force. The method, however, is only valid when the particles are
large enough and dense enough for gravity to have a significant effect so the lower
size limit for particles in this method is around 10 µm for polystyrene and 1 µm
for silica particles [28]. This technique could also be applied to measuring the
lateral trapping forces by turning the whole apparatus on its side.
One of the more common and accurate methods for trap stiffness in to measure
a trapped particles Brownian motion. As the optical tweezer can be essentially
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treated as a Hookean spring, it has a restoring force when removed from its
equilibrium which is described by Hooke’s law:
F = −kx (2.3)
Where k is the trap stiffness and x is the trapped bead’s displacement from the
beam’s central axis. Thus, the trap stiffness can be calculated, either by equating
the restoring force to the drag force as described previously or by monitoring the
particles natural thermal fluctuations while it is trapped. This requires a high
bandwidth and fast detector to carry out effectively, such as a quadrant photo-
diode (QPD) [2]. By monitoring the diffusion of the optically trapped particle,
one can build up a great amount of information on the trap such as the potential
well size.
By utilising optical tweezers as a force sensing device, extremely sensitive
measurements of the interactions between molecules can be carried out. In 1994,
Crocker and Grier used a pair of optically trapped particles in proximity to each
other to measure the colloidal forces between them [29]. By repeatedly blinking
the optical traps and recording the particles movement the authors were able to
find the forces between particles in the colloid, including the Van der Waals forces
and electrostatic repulsions [30]. Recently, two optically trapped Rydberg atoms
have been used to directly measure the strength of the Van der Waals interactions
between them [31] showing the full extent of the sensitivity of the optical trap as
a force measuring instrument.
2.2.5 Dual beam and counter-propagating traps
Whilst it has been optical tweezers which have gained much attention for a great
number of applications many different trap arrangements have also been inves-
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tigated. Dual propagating traps, which date back prior to optical tweezers in
investigations by Ashkin in 1970 [22], have seen a resurgence especially for their
simplicity of design. Such traps use two identical divergent Gaussian beams to
trap particles in between the beams. Interestingly, objects which are trapped
through this method, rather than becoming squashed through the radiation force
of the beams as one might expect, are actually stretched. This can be explained
through the same mechanism which makes optical tweezers a possibility. As the
divergent light from the two beams refract through the trapped object the resul-
tant force will cause the object, should it be sufficiently elastic, to become slightly
stretched, as shown in figure 2.3 [5]. Of course a radiation force is present from
both beams but this is much lower than the force from the refraction of the light
inside the object, causing the overall net force to act towards both beams which,
if completely symmetrical, result in stretching. As previously developed by Guck
et. al. [32] the deformability of the particle which is being stretched can be used
as a marker for testing changes in a cells mechanical properties, such as one might
expect to see through metastasis. By optically measuring the amount by which
a cell had stretched within the dual beam trap, Guck et. al. were able to suc-
cessfully differentiate between normal and cancerous cells. One main drawback
to this method is, however, its ability to only test one cell at a time, restricting
tests which might require a large throughput.
Figure 2.3: Schematic of a dual beam optical stretcher. The cell is stably trapped
between the two beams at which point, depending upon the elasticity of the cell,
the cell is stretched along the axis of the beams [5].
Counter-propagating traps are another method which uses two beams to opti-
cally trap particles. These traps are named as such to differentiate from dual beam
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traps as, while they both utilise dual beams which are counter-propagating, the
trapping mechanism is quite different. These utilise two slightly focused counter-
propagating beams but by using the interference between the two beams and
array of optical traps can be created [6]. These so-called standing wave traps can
trap several particles along the axis of the beams according to the beams inter-
ference. This method has the main advantage in that it does not require high
numerical aperture focusing lenses and is less subject to aberrations. These offer
a flexible configuration to trap multiple particles simultaneously which could be
applied to a number of applications.
2.2.6 Beam shaping and non-Gaussian traps
Whilst the majority of optical traps are created using Gaussian laser beams the
possibilities of optical trapping can further be opened up by using other beam
shapes. As discussed previously, it is often difficult to trap hollow particles or par-
ticles with a refractive index lower than that of their surroundings using Gaussian
beams. In order to overcome this Laguerre-Gaussian beams (TEM01), also known
colloquially as donut beams, can be used. These beams are, in essence, optical
vortices with an on axis intensity minimum and a high intensity ring surrounding
the centre. This method takes advantage of the fact that hollow particles are
repelled by the areas of highest light intensity by keeping them in the beam’s
centre [33]. Such Laguerre-Gaussian (LG) beams can be created through use of
a spiral phase plate or a spatial light modulator (SLM).
These Laguerre-Gaussian beam modes can also be used to impart rotational
motion on a trapped particle. As these types of beams possess helical wave fronts
these give rise to an orbital angular momentum [34]. These beams have been used
to create an “optical spanner” as has been previously presented by Simpson et.
al. [34]. For a focused, linearly polarised LG beam being used in an arrangement
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similar to an optical tweezer set up, the transfer of orbital angular momentum
from the light to a weakly absorbing dielectric particle was observed. Spin an-
gular momentum can also be transferred to the particle which is associated with
the polarisation state of the light and the trapped particles birefringence [7].
SLMs have become essential tools in beam shaping, allowing for custom
shaped beams to be created quickly and easily. These devices consist of an
electronically addressable liquid crystal display which acts as a reconfigurable
hologram. These holograms can manipulate the phase of these beams in order
to create the desired beam shape, usually through use of the Gerchberg-Saxton
algorithm [35]. This has opened up the possibility of using complicated beam
shapes for trapping which would only have been previously possible using expen-
sive specialized optics or custom made holograms. The main advantage of using
an SLM over custom made holograms is of course that it is reconfigurable and
less time consuming to create [36].
With this possibility to arbitrarily re-shape the trapping beam a number of
opportunities became available. One of the most exciting applications was the
experimental realisation of non-diffracting beams. Such beams were previously
theoretically predicted by Durnin [37] as certain solutions of the Helmholtz equa-
tion. These Bessel beams were found to have a consistent intensity pattern which
is unaltered as it propagates. Described by a zeroth order Bessel function of
the first kind, these beams consist of an on-axis intensity maximum which is
surrounded by concentric rings. Unlike Gaussian beams which diverge from the
beam waist, Bessel beams were also found to be wholly non-diffracting.
Whilst these beams are entirely theoretical, approximations have been achieved
experimentally. These quasi-Bessel beams are non-diffracting, but only over a fi-
nite distance [38]. This can still be very useful in a practical setting as the distance
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over which the beam retains its intensity profile is orders of magnitude over that
of a Gaussian beam. When applied to optical trapping this can be a very useful
property. The central maximum of the Bessel beam is capable of acting as a two
dimensional optical trap in a similar fashion to a conventional Gaussian trap but
while Gaussian traps are limited to trapping over just a few micrometres in the
axial direction, Bessel beams can trap over distances of several millimetres [39].
Furthermore, the Bessel beam is capable of self-reconstructing after passing
through an object. Since the outer rings of the Bessel beam act to replenish the
central maximum, the beam will reconstruct itself after a certain distance past
the object [40]. This means that several particles can be trapped simultaneously
along the same axis of a beam.
Quasi-Bessel beams are usually experimentally realised through shining a
Gaussian beam onto a conical lens known as an axicon. They can also be created
using an SLM which also offers the possibility of dynamically varying the pat-
tern of the beam and create higher order Bessel beams (HOBBs) which have an
on axis minimum useful for trapping low index particles [41]. Bessel beams are
but one of several different types of quasi-non-diffracting beams used for trap-
ping. Airy beams, first theorized by Berry [42], possess a parabolic trajectory
giving the appearance of the light “moving round corners”. Finite versions of the
Airy beam have since been experimentally realised and demonstrated for use in
particle manipulation by guiding particles along the curved shape of the beam
[43]. Other novel non-diffracting beam types include Mathieu beams which, like
Bessel beams, can also be described as solutions of the Helmholtz equation but
are often elliptical in shape. These beams can offer more variation on the Bessel
beam allowing for different trapping patterns [44].
SLMs can not only be used to create arbitrary and non-Gaussian shaped
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beams but can also be used to aid and improve conventional trapping through
adaptive correcting. When trapping through a turbid medium or simply using
low quality optics, a number of aberrations arise which will negatively affect the
efficiency of the trap. Cizmar et. al. [6] describe an iterative method whereby
an SLM is used to dynamically optimize the focus of a trapping beam providing
a stronger trap even when operating through a turbid layer.
Similar methods have also been used to create an optical trap capable of trap-
ping large particles whilst retaining a large field of view. Pitzek et. al. [45] show
that by using a dichroic mirror on the bottom of the sample chamber to reflect
the laser beam, low numerical aperture optics can be used to trap large particles
up to 45 µm. This can be achieved by using an SLM to shape the beam and the
authors suggest that such a method may even be effective while using a trapping
objective with a NA as low as 0.1.
2.2.7 Methods for multiple trapping
Whilst the ability to trap single particles with great precision, or over great dis-
tances as in the case of non-diffracting beams, is seen as incredibly useful, the
ability to create this effect many times over and trap multiple objects simultane-
ously greatly adds to the attractiveness of optical trapping. As we have previously
mentioned, SLMs have the ability to produce an arbitrary beam shape which can
also be applied to make arrays of multiple optical traps in three dimensions [46].
However, SLMs do have the drawback that often they suffer from low refresh
rates (v100s Hz) [47] meaning that fully dynamic trapping at high speeds can be
difficult.
Faster trapping of multiple particles can be achieved in the form of fast-
scanned time-shared traps. By scanning the laser beam at several 100 kHz mul-
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tiple Gaussian traps can be created where the beam has only left the trap for a
fraction of a second. This effect has been most commonly created using acousto-
optic deflectors (AOD). AOD operate as a dynamic diffraction grating by creating
an acoustic standing wave inside a crystal such as Tellerium Oxide. By modulat-
ing the frequency of the standing wave, one can change the angle of the beams
diffraction, allowing for very fast beam steering. This allows for multiple time-
shared traps which can be dynamically patterned [48].
2.2.8 Optical sorting
Non-invasive microfluidic sorting is also something which can be full realised by
using optical forces. Many of the current cell sorting techniques such as fluores-
cence activated cell-sorting (FACS) require the cells to possess some amount of
auto-fluorescence or else be tagged with fluorescent markers such as GFP some-
thing which is not always a viable option. Optical sorting has no need for the
cells or particles to be tagged or altered in any way and can sort by size, shape,
refractive index or a number of other factors. By creating some sort of periodic
optical pattern one can separate between particles based on how strongly they are
influenced by the optical forces. For instance, a polystyrene particle of diameter
v20 µm would experience a much weaker influence from the optical pattern than
a 1 µm particle of the same type and would as such flow straight over the optical
lattice whilst the smaller particle would be diverted into a separate flow channel.
These dynamic optical landscapes have been created using a number of meth-
ods. One such method is multibeam interference. This method, which has been
previously reported by MacDonald et. al. [49], uses a diffractive optic element to
split a laser beam into four separate beams separate from the central undefracted
spot. These beams are then co-focused through an aspheric lens to generate a
three dimensional optical lattice. A mix of 2 µm polymer and silica particles
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were then flowed through the pattern and separated by refractive index. The
authors report that the typical throughput of this system was slightly larger than
that of a FACS system and possessed a very high success rate of sorting between
the two species. This method has also been shown to be effective in the sorting
of red blood cells and white blood cells. While the white blood cells will flow
over the optical lattice without effect, the red blood cells, because of their shape,
will flip on their side and travel in the direction of the light, as shown in figure 2.4.
Figure 2.4: Optical sorting of red blood cells and white blood cells. MacDonald
et. al. [49]
More basic methods than this are also available and have been shown to be
somewhat successful in the fractionation of particles. For example, Bessel beams,
which have been discussed previously in this chapter, can be used to passively
filter particles and cells. As reported by Paterson et. al. [50], erythrocytes
and lymphocytes behave differently when exposed to a Bessel light beam. The
lymphocytes were pushed down the central bright spot of the beam whilst the
erythrocytes remained trapped in the outer rings of a single plain. The advantage
of filtration through this method is that it does not require a fluid flow to operate.
Acousto-optic deflectors can also be used to generate a tailored and dynamic
optical sorting landscape. As shown in figure 2.5, the AOD can be used to scan
the laser beam such that regions of light with a controllable intensity are created.
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This takes advantage of the different forces experienced by different sized parti-
cles where the larger particle remain trapped in the light pattern at relatively low
intensities allowing them to be moved into separate flow channels. Milne et. al.
[51] report that this pattern can be reconfigured to almost any pattern depending
on the application.
Figure 2.5: Trajectories of different sized silica particles flowing through an opti-
cally generated landscape. The greyscale image (inset) represents the light pattern
created by the acousto-optic deflector. The brighter areas represent areas of higher
light intensity [51].
2.3 Acoustic trapping
We have seen that optical trapping can be incredibly useful for a wide range
of applications for their ability to manipulate micron sized particles with great
precision and dexterity, however, it is not quite as adept at handling particles of
around 10 µm and above. Acoustic fields are able to manipulate larger particles
and a larger range of particles over great distances. Despite these advantages
acoustic trapping does still struggle to show the dexterity and precision of op-
tical traps. Acoustic trapping is generally seen as a complimentary rather than
23
2.3 Acoustic trapping
a competing technology and can more easily handle some of the applications in
which optical trapping can struggle. In this section we will discuss the principles
behind acoustic trapping and some of the recent developments in this field.
2.3.1 Focused traps
In an attempt to create an acoustic trap which is analogous to optical tweezers,
acoustic “tweezers” have been created. As described by Lee et. al. in a theo-
retical paper [52] particles in the Mie regime (i.e. larger than the wavelength of
the sound) can be trapped using a highly focused acoustic field. Whilst standing
wave traps and traps of more than one transducer were previously produced, this
was the first attempt at a stable single beam trap. They describe a beam of
100 MHz which is highly focused using a bowl shaped transducer being used to
trap a lipid particle in water. As the lipid particle has a sound velocity lower
than the surrounding water there will be a certain scattering force experience by
the particle. However, as in the optical case, for there to be an effective stable
trap the refraction of the wave has to dominate over the reflective scattering force.
Experimentally, this effect was later demonstrated by the same authors, Lee
et. al. [15] where a 30 MHz lithium niobate focused transducer was used to trap
126 ± 5.6 µm oleic acid lipid droplets in water. The ability to trap particles
of this size is already 10X higher than what can be handled with basic optical
tweezers. Lateral trapping of these particles was managed and estimated peak
forces were 125 and 247 nN when driven at 22 and 32 Vpp respectively, although
axial trapping was not demonstrated in this instance. Whilst this is an impressive
feat, the cumbersome nature of the trapping transducer which needs to be moved
in order to manipulate the particle laterally, means that this method has limited
practical applications.
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2.3.2 Standing wave traps
By far the most widely used acoustic trap is the ultrasonic standing wave trap
(USW). As the name suggests, particles are trapped by standing waves created
either by opposing sound sources or a reflected wave. In the case of a standing
wave created through reflection, this can be achieved through use of a simple
device. Consider a chamber containing a suspension of particles in water such as
is shown in figure 2.6. An ultrasonic transducer is coupled to the bottom surface
of the chamber which we shall assume is a thin layer of glass. The top of the
chamber is also bounded by a layer of glass which will be slightly thicker than the
bottom surface. By exciting the ultrasonic transducer in such a way as to excite
the resonance frequency of the entire chamber a standing wave will be produced
with associated pressure maxima and minima, the locations of which will depend
on the frequency of the wave. Particles which are within the field will be pushed
out of the high pressure areas and into the nodal minima due to the primary ra-
diation force. This is shown in figure 2.6. Once in the nodes of the wave they will
experience a secondary radiation force laterally which will cause agglomerations
to form. The particles will be stably located in these positions until the field is
changed.
This effect has been described theoretically in great detail previously first by
King [53], Yosioka and Kawasima [54] and Gor’kov [19] which was then later built
upon and generalised by Doinikov [55]. The acoustic force exerted on the particle
will largely depend on the particle’s compressibility. The time-averaged acoustic
radiation force, Fac, on spherical particles can be described in its general form in
terms of the time averaged potential and kinetic energies of the standing wave
as:
Fac = −∇((1−
ρfc
2
f
ρpcp
〈Epot〉 −
(
3(ρp − ρf )
(2ρp + ρf )
)
〈Ekin〉)V (2.4)
25
2.3 Acoustic trapping
Figure 2.6: Principle of acoustic standing wave trapping. The particles are forced
out of the high pressure areas of the generated standing wave and, due to secondary
radiation forces, find equilibrium in certain areas in the nodes of the wave.
Where V is the particle volume, ρf and ρp are the densities of the surrounding
fluid and the particle respectively and cf and cp are the speeds of sound in the
fluid and particle respectively. The kinetic and potential energies are dependent
on the acoustic pressure field, P, and the acoustic velocity, v, as:
〈Ekin〉 = 1
2
ρf
〈
v2
〉
(2.5)
〈Epot〉 = 1
2ρfc2f
〈
P 2
〉
(2.6)
This equation also explains the lateral forces due to the kinetic energy com-
ponent of the acoustic wave which cause the particles to become confined in a
certain region of the fluid chamber.
The secondary radiation forces, caused by the interactions between particles
themselves can also play a role in the positioning of particles within acoustic traps.
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These interactions, also known as Bjerknes forces [56] can aid in the formation
of agglomerates for particles in close proximity. Such agglomerates, when of a
sufficient size, can also have an important effect on the acoustic field itself. As the
behaviour of the field depends on the acoustic properties of the fluid in which it
is propagating, any changes to these properties will cause changes in the acoustic
field. For trapping applications the fluid is usually a suspension of particles in
water and, depending on their acoustic properties, these particles will affect the
shape of the field. As the field moves the particles into the pressure nodes and
they subsequently form agglomerations this can cause a localised breakdown of
the acoustic field and affect the homogeneity of the field [14].
Temperature is also an important fact for the operation of acoustic standing
wave traps. When driven at a sufficient power the temperature of a transducer
during its operation can experience a small temperature rise due to dissipation
and absorption in the fluid will also be a factor. The exact magnitude of this
temperature rise will depend on a number of factors including the input power
of the transducer, the size of the fluid and adjacent layers, and the material
characteristics of these layers. Previous literature has reported temperature rises
anywhere between 0.5K and several times larger which required a cooling system
[57]. Whilst the temperature rises can be small in some cases, these can have a
significant effect when trapping mammalian cells which require a stable temper-
ature of 37o and even a rise or fall of 1o can have severe negative physical effects
such as inhibited cell growth and even cell death.
Acoustic streaming is also another effect which must be taken into considera-
tion when designing and operating an acoustic trap. Streaming is a flow created
in a steady-state fluid by the acoustic field. Due to this small localised streams
and vortices can appear in the fluid which will have an effect on any particles
which may be near to them. Acoustic streaming can also limit the lower particle
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size which can be reliably manipulated with acoustic standing waves.
Practically, a standing wave trap is created either by using a single ultrasound
source which is then reflected in some manner to create a resonance across the
whole device or by using two directly opposing ultrasound sources. The former is
one of the most widely used devices due to its simplicity and ease of integration
into microfluidic systems. These planar resonator devices, such as ones used by
Glynne-Jones et. al. [16], consist of multiple layers. These are; the piezoelectric
ultrasound source, a coupling layer for impedance matching, a carrier layer, a
fluid layer where the sample to be manipulated is located and a reflector layer.
The types of materials and their thickness’s are chosen carefully depending on
the particular application which is needed and have a profound effect on the re-
sulting trapping effect. The ultrasound source would be driven in such a way as
to create a resonance across the device where the chamber height is λ
2
where λ is
the wavelength of the acoustic wave in the fluid layer. This would result in the
anti-nodes of the wave being located at the boundaries of the fluid chamber and a
single node being located in the centre [58]. Other designs and configurations can
be used such as λ
4
devices where the node is located close to one of the boundaries
and multi-wavelength devices.
An example of this type of device has been demonstrated by Glynne-Jones
et. al. [59]. Their device consisted of a 1 mm thick PZT transducer, a 104 µm
carrier layer of acetate, a 120 µm thick fluid layer and another layer of 104 µm
acetate as the reflector layer. Typically glass would be used as the carrier and
fluid layers but the purpose of this device was to be disposable for ease of use
in biomedical studies. This device, driven in the λ/4 mode, was shown to be
effective in moving 10 µm polystyrene particles into a separate flow channel in a
microfluidic device.
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Another type of standing wave device uses opposing transducers. Courtney
et. al. demonstrated a counter propagating wave device with four transducers
on all sides of a square cavity [17]. If the field amplitude of each transducer is
identical then a standing wave pattern is generated where the nodes are located
at half-wavelength intervals. This was shown to be effective in trapping 5 µm
polystyrene particles but moreover, by adjusting the phase of the transducers the
location of the nodes and therefore the particles could be move, providing a new
level of control within this type of device.
This approach can also be expanded to create octagonal devices with eight
opposing transducers to achieve further control over microparticles. Bernassau et.
al. [60] show one such device, shown in figure 2.7, that can create several configu-
rations of acoustic landscape by operating only certain elements at one time. As
with the device reported by Courtney et. al. the elements of this device are also
phase controllable allowing for the acoustic landscape to be changed dynamically.
Figure 2.7: (a) a photograph of an octagonal acoustic standing wave manipula-
tor. (b) shows a diagram indicating the positions of the transducers which can be
individually controlled to produce arbitrarily shaped trapping landscapes [60]
Devices with non-opposing transducer can also be effective. Bernassau et. al.
[61] have also presented a heptagonal device, which can also be phase controlled,
which can be used to pattern cells particles into lines or hexagons. Moreover
this device has also been used to investigate and quantify the effects of acoustic
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streaming in ultrasonic micromanipulators [62].
It is clear that the complexity and dexterity of acoustic traps can be increased
through the use of more active elements. By using several individually control-
lable ultrasonic elements one gains the ability to create arbitrary shaped dynamic
trapping patterns over a large trapping area.
2.3.3 Complex acoustic landscapes
As we have shown previously one of the major advantages of acoustic trapping
is its large scalability and versatility. As such traps have been created which can
easily manipulate large macroscopic objects of a few inches in size [20]. Moreover,
this can be done with high dexterity and precision. This can be achieved through
shaping the acoustic beam as one would shape an optical beam. In a situation
analogous to beam shaping in optical trapping, arbitrary beam shapes can be
created in order to further improve the versatility of acoustic traps.
One such example of utilising complex ultrasonic beams for manipulation has
been published recently by Demore et. al. [20]. In this paper orbital angular mo-
mentum has been imparted on a 100 mm diameter, 10 mm thick disk of acoustic
absorbing material in a technique analogous to the “optical spanner” procedures
discussed previously. This was achieved through use of a 1000 element array,
normally designed for focused ultrasound therapy, where each individual element
had independently controllable phase and amplitude. This allowed for arbitrary
phase patterns to be placed onto the array which could create complex, control-
lable beam shapes, in this case a Lauguerre-Gaussian beam. Whilst parallels
can be drawn between this experiment and optical trapping using spatial light
modulators it is important to note that only orbital angular momentum can be
achieved in the acoustic case and not spin angular momentum.
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Using this same system, these authors have also achieved negative radiation
force on certain objects. This required use of a specifically shaped object and
the beam patterned in such a way that the net force on the object would cause a
“pulling” back towards the ultrasound source [63] These types of multi-element
ultrasound devices give more control and dexterity to acoustic trapping and could
see much wider spread use in future.
Acoustic Bessel beams have also seen use for some applications. These partic-
ular types of standing wave traps can be created using a simple piezoelectric ring
and, as one would expect, solid particles become trapped in the nodes of the wave
in concentric circles from the central maximum. This has been demonstrated pre-
viously which some examples including Raeymaekers et. al. [64], trapping 5 nm
diamond particles in an acoustic Bessel beam, and Lee et. al. [65].
Whilst these Bessel beam traps have been shown to have their use, the shape
of the beam is largely defined by the geometry of the transducer and its resonant
frequency. One recent attempt to create more highly dexterous and controllable
Bessel beam traps has been shown by Courtney et. al. [66]. In order to achieve
more control over the shape of the beam, the piezoelectric ring used to create a
Bessel function of the first kind was diced into 16 elements each with their own
individually controllable phase. By driving these elements at particular phases,
other beam shapes could be produced such has higher order Bessel beams with
an on axis minimum. Particles which were trapped within this central pressure
minimum could then be further manipulated from this spot by changing the phase
of the driving elements.
It is clear that in order to achieve more dexterous acoustic traps multiple,
individually controllable, elements are required whether in a standing wave or
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progressive wave configuration. With the ability to create arbitrary beam shapes
comes more flexibility in these traps which should see a further uptake in certain
applications.
2.4 Other trapping methods
In this chapter we have mainly focused on optical and acoustic trapping meth-
ods, however there are several other trapping methods which have found use in
several settings. One such method is magnetic tweezers, which uses magnetic
fields to trap and manipulate particles. In a paper by Gosse and Croquette [13]
it is stated that a set of six electromagnets arranged in a hexagonal geometry
can be used to “tweeze” 4.5 µm magnetic particles and by adjusting the current
between the magnets can be used to manipulate the particle within the region
of influence. The trap force was measured as between 50 fN to 20 pN and can
produce a torque on the trapped particle without any additions to the system.
Whilst this system does not have the risk of photodamage that optical tweezers
has, the types of particles which can be trapped are limited.
Another trapping method which has seen a rise in popularity has been Dielec-
trophoresis. This method, traps particles using a non-uniform electric field where
polarizable particles will experience a force towards the smaller electrode. Whilst
this method is useful, the electrodes required to create the necessary electric field
gradient need to be pre-fabricated so cannot be dynamically changed. A newer
variation on this method, light induced dielectrophoresis (LIDEP), replaces the
smaller electrode with a photovoltaic, optically addressable element, allowing for
fast reconfigurable trapping [67]. These elements can be activated with relatively
low levels of light and can be produced using a simple data projector [68]. This
allows for trap strengths which are similar to that achievable with optical tweez-
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ers but with much lower levels of light [12].
Thermal forces can be also be used to manipulate particles. Particles in a
suspension will respond to an induced thermal gradient which can then be tai-
lored to suit a given application. This can be combined with optical trapping,
where the thermal absorption of a particle which has been trapped will create
a temperature gradient in itself. This laser induced thermophoresis is separate
from the radiation force from the laser itself and indeed can be used to restrict
the radiation force of the laser [69].
In microfluidic settings one can also use the option of hydrodynamic trap-
ping. This method uses specially designed microfluidic channels to force particles
into certain flow channels. By manipulating the fluid flow, particles can be main-
tained in laminar eddies [70]. This method does however often require very precise
micro-machined flow chambers specific to their applications.
2.5 Combined trapping
Earlier in this chapter we have described the main advantages and disadvan-
tages of several micromanipulation methods, namely the various configurations
of optical trapping and acoustic trapping. In order to overcome some of these
disadvantages several attempts have been made at hybrid traps. Such systems
would use some combination of optical tweezers, acoustic trapping, optoelectronic
tweezers or other trapping modalities in order to open up new applications which
would not normally be achievable with either method alone.
Acoustic traps are particular methods which have shown great ease of in-
tegration owing to their small and simple designs and the versatility of their
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arrangements. Surface Acoustic Wave traps have been integrated with optoelec-
tonic tweezers (OET) in order to pre align the particles [71]. This act of arranging
the particles into a single flow serves to direct the particles purposefully towards
the OET field where they are then redirected as the light pattern dictates.
The idea of using acoustics to pre-align a flow of particles into a single stream
where they are then to be sorted by some other force is also seen in work by
Thalhammer et. al. [21]. Here, the chosen modality is optical trapping or op-
tical macro tweezers to be exact. This method, as discussed previously, directs
a weakly focused optical trap towards a dichroic mirror whereupon the reflected
beam contributes to the trapping force, almost as in a dual beam trap. This
has the main advantage of maintaining a wide field of view whilst creating a
strong optical trap, something which is sacrificed when using high NA optics.
This becomes highly advantageous when using acoustic traps as generally the
scales of the ultrasonic fields are at least an order of magnitude larger than that
of the optical trap, which can create problems when attempting to use the two
together. By using a standing wave trap of a planar resonator design to arrange
micro-organisms (Euglena gracilis) into separate planes vertically. The organisms
are free to move within the planes but cannot move between them whereupon
they can be moved between planes using the optical trap selectively. The optical
trapping required much less force than normal to move larger particles due to
the fact that they are levitated away from surfaces. This allowed Thalhammer
et. al. to engage in rudimentary sorting of 10 micron polystyrene beads where
particles had been arranged into separate planes and then moved between these
planes with the optical trap.
It is with the above types of hybrid trap that we could improve on the shortfalls
of each method to achieve a more efficient system.
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2.6 Conclusions
In this chapter we have investigated the previous literature surrounding optical
trapping and acoustic trapping along with a few other methods for micromanipu-
lation. It is seen that there is already a wealth of literature on all these methods
across a number of diverse fields but there is still not much in the way of hybrid
systems being investigated. From the hybrid systems that have been report, we
can see that there is an appetite and a potential for using combined systems
and such systems may be particularly useful through the improvement of particle
sorting methods. Acoustic traps can handle a wide range of particles sizes across
relatively large fields whilst optical traps can handle single particles with great
precision. In the rest of this thesis we will present a number of different methods
which have aimed to achieve a system with these advantages, hopefully opening
up a new range of literature on hybrid systems.
3Optical Trapping within Acoustic
Fields
3.1 Introduction
Ultrasonic traps have been shown to be incredibly useful because of their large
scalability and ability to deal with a large sample of polydisperse particles. Whilst
it can be said that acoustic standing wave fields exert larger trapping forces than
optical tweezers, this is only true for certain particles [15]. Since the acoustic
trapping force depends greatly on the particles’ surface area there is a point
where, for sufficiently small objects, the trapping force of an optical tweezer
becomes comparable and even greater than the acoustic force [54]. This presents
an opportunity where an acoustic trap can be used to roughly position or pattern a
set of particles which can then be further manipulated with more precision using
an optical tweezer. This chapter presents an experiment which demonstrates
this. A Bessel beam shaped acoustic standing wave trap is used to position a
polydisperse set of particles into concentric circles where a single-beam optical
tweezer can then be used to manipulate the smaller particles within the field. The
acoustic Bessel trap has also been characterised for its acoustic field and trapping
forces.
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3.2 Acoustic Bessel beam trap
Zeroth order Bessel beams are well known for their use in optics due to their non-
diffracting and self-reconstructing properties [37]. Such beams have been utilised
to trap several particles along the same axis simultaneously [39]. Typically, these
beams are created either by using a conical lens, known as an axicon, or by using
holograms [40]. Consisting of a central bright spot, which acts as a Gaussian
beam trap itself, surrounded by concentric rings of radially decreasing intensity,
Bessel beams have proved to be useful for stacking several particles along the same
axis, something which is not possible with an ordinary Gaussian beam as they
are propagation invariant. These beams are, in theory, wholly non-diffracting
and can self-reconstruct after passing through an obstacle but in practice only
a quasi-Bessel beam can be created where these properties only exist over short
distances [6].
In the acoustic case, Bessel beam shaped standing waves can be created using
a ring or tube shaped piezoelectric transducer [64]. These pressure fields resemble
the optical Bessel beams in that they also possess a central pressure maximum
surrounded by concentric rings of decreasing intensity, however in this case the
solid particles within the field become trapped in the areas of lowest intensity,
more akin to the behaviour of low refractive index particles in an optical Bessel
beam. This acoustic case also differs in that it does not propagate in the axial
direction. The acoustic Bessel beam traps can also be further improved through
use of multi-element phase-controllable devices which allow for the generation of
higher order Bessel modes and dextrous manipulation [66].
In this case, the device used to create the acoustic Bessel beam was a single
element piezoceramic tube of lead zirconate titanate (PZT) (Ferroperm piezoce-
ramics) shown in figure 3.1. The particular type of PZT used in this case was
PZ26 which is known for its use in sonar applications due to its robust nature
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Figure 3.1: Piezoceramic ring used as acoustic Bessel beam shaped standing wave
trap.
and ability to perforce at high powers. The inner diameter of the cylinder was
28 mm with an element thickness of 2.1 mm and a height of 10 mm. This de-
vice was driven at its fundamental resonant frequency of 1.083 MHz measured
using an impedance analyser (Agilent) and the impedance magnitude spectrum
is shown in figure 3.2. As the impedance of the device at its resonant frequency
was measured to be close to that of the driver electronics at 50 Ω there was no
need for any further matching electronics.
3.3 PZFlex Modelling
A finite element model was created to characterize this device using PZFlex (Wei-
dlinger Associates ltd.) with the exact dimensions of the acoustic device. This
was an axisymmetric model, the axis of symmetry being the centre point of the
cylinder, with the transducer element surrounded completely by water. Two glass
layers were added to the model, at the top and at the base of the transducer, to
represent the coverslip and petri dish normally used in the experimental proce-
dure in order to monitor the effect these materials had on the acoustic field.
A 2D cross section of the pressure field calculated through the model is shown
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Figure 3.2: Impedance magnitude and phase spectrum or PZT acoustic Bessel
beam trap
in figure 3.3. The Bessel pattern of the field can be recognised here with the
central pressure maximum clearly visible. Whilst the strongest pressure region is
at half the height of the transducer the field retains its shape throughout most of
the transducer’s height. Small resonances were noticed at the glass layers however
this is unlikely to affect the normal operation of the transducer.
3.4 Hydrophone characterisation
The transducer was further characterised using a needle hydrophone to measure
and map the pressure field within the ring. The transducer was fully submerged
in water, this time without the layers of glass mentioned in the model or used
in other procedures in order to allow for access. The hydrophone itself had an
active PVDF element of 200 µm width (Precision Acoustics). This element size
was chosen in order to minimize perturbations to the field whilst still maintaining
the necessary sensitivity to adequately measure the field. This hydrophone was
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Figure 3.3: A cross sectional view of the finite element model pressure map is
shown. The positions of the glass layers and PZ26 element are indicated, the
remainder of the model is filled with water.
attached to a motorized XY stage which was controlled through a LABVIEW
(National Instruments) programme. The hydrophone was connected, via its own
pre-amp, to an oscilloscope where the pressure measurements were recorded at
intervals of 0.025 mm from the location of the central maximum 10 mm along the
radius towards the transducer’s edge. These pressure measurements were plotted
against the radial position using a MATLAB programme.
The 2D pressure landscape generated by the finite element model is shown in
figure 3.4. This image clearly shows the pressure field’s recognisable Bessel beam
shape which retains its shape throughout the height of the transducer and also
shows good agreement with the model shown in figure 3.3. The concentric nodes
are visible in the pressure field which are the trapping regions in this context.
Moreover, when comparing this hydrophone data with a Bessel function cal-
culation and the PZFlex data from 3.3 they all show good agreement. A rep-
resentative radial scan from the centre of the hydrophone data and the pzflex
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Figure 3.4: 2D hydrophone scan of the ring transducer’s normalised pressure field
clearly showing standing waves resemblance to a zeroth order Bessel function.
Figure 3.5: A comparison of the hydrophone scan and PZFlex data with a cal-
culated zeroth order Bessel function of the first kind.
model are plotted with a calculated zeroth order Bessel function of the first kind
as shown in figure 3.5.
3.5 Gravity balancing force measurement
In order to measure the force produced by the acoustic trap, the piezoelectric
cylinder was orientated vertically so that particles could be balanced against
gravity with a Khoeler illumination setup, and a 6X objective lens with a firewire
CMOS camera (Prosilica EC1280) was used for observation. A similar method has
previously been employed in order to measure the axial trapping force of an optical
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trap [34], although the larger particle size and weight used here makes this a more
reliable case. The cylinder was embedded in 2% Agar in a petri dish which was
attached to a XYZ stage using double-sided adhesive tape and silicon grease was
used to create a water tight adhesive seal between the transducer and a circular
coverslip which was of the same diameter as the outer diameter of the cylinder.
An Agilent arbitrary waveform generator was used to excite the transducer with
a continuous sine wave at the resonant frequency of 1.083 MHz and with an initial
amplitude of 10 Vpp. Polystyrene spheres with radii of either 50 µm or 100 µm
were suspended in deionized water inside the cylinder between the surface of the
agar and the glass coverslip. The transducer was excited whilst lying horizontal
initially to allow the beads to become trapped before it is turned vertically and
attached to the translation stage as shown in figure 3.6. A dilute sample of
beads was created so that an isolated bead can be used for these measurements
as inter-particle forces, such as Van der Waals and electrostatic interactions, can
become significant [30]. Beads trapped close to the lower apex of a single ring
were chosen as this meant that the main force acting in the opposite direction to
gravity would be the acoustic force. As the voltage is reduced, particles trapped
within a ring will follow that ring’s circumference for a time before eventually
dropping out at the threshold voltage, as shown in the particle path trace in
figure 3.7 and in the video found at www.youtube.com/watch?v=ZGvIgALUt-Q,
hence why only microspheres which were already at the lower apex of the ring
were chosen. Once a suitable bead was located, the signal voltage was reduced
until the point at which the bead began to fall from its trapped position and
this reading was taken as the signal voltage required to produce an acoustic force
equal to the effective force due to gravity on the bead, taking buoyancy into
account.
The measurements were taken for an isolated particle trapped against gravity
in each pressure node from the centre across the ring transducer. Due to the
nature of the method the force being measured was that of the next pressure
42
3.5 Gravity balancing force measurement
Figure 3.6: A photograph of the gravity balancing procedure. All of the optical
apparatus is attached to a breadboard which can then be lain flat without disturb-
ing the set up. The acoustic Bessel trap is filled with a suspension of beads in water
and excited with the signal generator before it is turned vertically and attached to
the translation stage with adhesive tape. Silicon grease is used to affix a cover-slip
to the acoustic trap in order to create a water-tight seal.
peak directly below the particular node in which the particle was trapped and as
such the force at the central maximum was not measured through this method.
The minimum voltage necessary to hold the bead in position was taken as the
voltage required to produce an acoustic force, Fac, which was equal to the effective
weight of the particle, Fg, as shown in equation 3.1.
Fac = Fg = (ρp − ρf )V g (3.1)
Where ρp is the density of the particle, ρf is the density of the surrounding
fluid, g is the acceleration due to gravity and V is the volume of the particle
(where V = 4
3
pir3). From equation 3.1 we can calculate that the effective weight
of the polystyrene beads, of density 1050 kgm−3, used in these experiments were
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Figure 3.7: Trace of a 50 µm particle’s path as the voltage input to the ring
transducer is gradually reduced. The particle will generally follow the circum-
ference of the trapping ring until the lower threshold is reached and the particle
is no longer trapped. A video of the movement of these particles is found at
www.youtube.com/watch?v=ZGvIgALUt-Q
257 pN and 2.05 nN for 50 µm and 100 µm radius particles respectively.
The results for the gravity balance procedure are shown in figure 3.8(a),and (b)
for 50 µm and 100 µm radius particles respectively. These results assume that the
signal voltage is directly proportional to the force produced. The acoustic force
is also proportional to the particle radius cubed, r3, hence the significantly larger
forces measured on 100 µm particles. The maximum forces measured through
this method at the pressure node adjacent to the central maximum were 3.72 nN
and 30.6 nN for 50 µm and 100 µm particles respectively.
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(a) 50 µm particles
(b) 100 µm particles
Figure 3.8: (a) and (b) The variance of force on 50 µm and 100 µm beads,
respectively, with the transducer radius calculated for input amplitude of 10 Vpp.
The signal amplitude at which the particle was in equilibrium with its gravitational
force was taken as the voltage required to hold the particle in suspension. This
value was scaled up to a normal operating voltage of 10 Vpp and the force which
would be produced at this voltage was calculated using known relationships.
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3.6 Hybrid optical trap and acoustic Bessel beam
trap
The hybrid trap was set up as shown in figure 3.9. An optical tweezer, similar to
a commonly used design as described in reference [8], was set up consisting of a
1064 nm ytterbium fibre laser (IPG Photonics GmbH) with an output Gaussian
beam (TEM00) diameter of 1.2 mm. This was expanded to fill the back aperture
of the trapping microscope objective which is a 60X magnification lens with a
numerical aperture of 0.85. Whilst a numerical aperture, NA, of over 1.2 is gen-
erally desired for strong 3 dimensional optical tweezers, a slightly longer working
distance is considered advantageous for use in deep acoustic traps, so the ability
to axially trap particles was sacrificed. A further two lenses were used to form
an image relay so that the back aperture of the objective lens is conjugate to the
steering mirror providing control over the position of the optical trap.
The acoustic Bessel beam trap was placed in the sample plane of the optical
trap, set up with a layer of Agar as described previously. Once the polymer par-
ticles were trapped within the nodes of the acoustic field, the 6X objective used
for observation was switched for the 60X objective used for trapping. Optical
trapping was then attempted on the different sized particles and trapped parti-
cles were moved across the pressure field. The 2 µm particles were also trapped
initially before the acoustic field was switched on so that deflection from the beam
axis due to the acoustic field could be observed.
Figure 3.10 shows a polydisperse sample containing, 2 µm, 10 µm, 50 µm and
100 µm polymer spheres, being trapped within the nodes of the standing wave.
Whilst the 50 µm and 100 µm particles were quickly moved into the trapping
regions and, to a lesser extent, the 10 µm particles, the 2 µm particles remained
widely dispersed in the fluid whilst still moving towards the nodes. This demon-
46
3.6 Hybrid optical trap and acoustic Bessel beam trap
Figure 3.9: The optical tweezer set up in these procedures also showing the
position of the acoustic Bessel beam trap. L1 (focal length = 100 mm) and L2
(f = 500 mm) are used for expansion of the beam in order to slightly overfill the
back aperture of the trapping objective. L3 and L4 (f = 160 mm) are used as relay
lenses to make the back aperture of the objective conjugate to M2 which can then
be used for steering the beam in the sample plane. The illumination of the sample
is provided using a Khoeler set up where L5 is f = 25 mm, L6 and L7 are f = 100
mm and I1 and I2 are adjustable iris apertures used to vary the illumination spot
size and intensity respectively.
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Figure 3.10: (a) shows a stitched image of 2 µm, 10 µm, 50 µm and 100 µm
diameter polymer spheres trapped simultaneously within an acoustic Bessel beam
trap. Whilst the 50 µm and 100 µm particles became quickly trapped in the
nodes of the pressure field, in this case located in concentric rings from the central
maximum, the 2 µm particles remained widely dispersed across the whole field
owing to the low radiation force on particles of this size. (c) Shows one such
2 µm particle located between two trapping regions (shown in (b)) being trapped
optically whilst the acoustic field is still present and it can be moved freely through
these higher pressure areas.
strates the heavy dependence of acoustic radiation force on the particle’s size.
After the particles have moved into the trapping rings there is only a short
time before they form agglomerations through secondary radiation forces [14].
The 2 µm particles can then be optically trapped and moved out of the trapping
regions freely. As the acoustic force is relatively small on particles of this size
only a small deflection from the optical trap’s beam centre during lateral move-
ment is observed in addition to the deflection which one would expect to see due
to normal hydrodynamic drag. This small deflection, however, can be used as
a qualitative measure of the acoustic radiation force at different points in the trap.
10 µm particles were also able to be trapped and dragged from their trapping
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Figure 3.11: A 10 µm bead being optically trapped and dragged from the acoustic
trapping region. However, it only reaches a short distance before it drifts back
toward the trapping region. The video from which these images were obtained can
be found at www.youtube.com/watch?v=ezIgWs7Je98.
ring as shown in figure 3.11 and in the video found at www.youtube.com/watch?
v=ezIgWs7Je98, however, the particle was only pulled a short distance before it
left the optical trap and started drifting back toward the acoustic trapping region.
3.7 Discussion
The scalability of acoustic traps makes them a very attractive option for a great
number of applications. The fact that they can trap a wide range of particles
and sizes, as has been demonstrated, makes it easier to deal with, for instance,
polydisperse samples. The use of an optical tweezer within this type of standing
wave trap provides another degree of control of particles and a more sensitive
force measurement method. Although axial control was not presented in the cur-
rent work, this could be achieved through the use of an acoustic levitator, or use
of a shallower acoustic trap allowing for a low working distance, high numerical
aperture objective lens to be used for the optical tweezer. Alternatively a dual
beam or Bessel beam optical trap could be employed to improve axial control.
While the pressure field of the acoustic trap is seen to be generally uniform,
resembling a Bessel function, there are a number of perturbations in the field, as
shown in the hydrophone pressure measurements. As a very precise geometry is
required to form a uniform standing wave pattern, the particles themselves can
cause disturbances in the ultrasound field leading to slight “kinks” in the trap-
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ping regions. Other factors, such as the position of the wires on the PZT surface,
were considered although these were positioned beneath the top surface of the
agar layer during the trapping procedure meaning that this was unlikely to be
the source of the non-uniformities. As perturbations in the acoustic field were a
major consideration a water immersion objective could not be employed for the
optical tweezer.
The forces only on particles sized 50 µm and 100 µm in diameter were mea-
sured for this device as the force on much small particles was deemed too weak
for the gravity balancing method to be fully effective. As the acoustic radia-
tion force on particles scales with its volume according to the Gor’kov equations
[19] the force on particles of the order of 1 µm would be weak in comparison to
the force which could be achieved through use of optical tweezers. Whilst the
acoustic forces on particles of this size have not been measured here it has been
previously calculated in a general case and for other acoustic devices previously
to be of the order of 10s of pN depending on frequency and driving amplitude [17].
The gradient forces which can normally be expected from an optical tweezer
are dependent on a number of factors such as the refractive index of the particle,
its volume and the trapping beam intensity [3]. Whilst optical tweezers are
capable of trapping particles in the size range of v1 µm with a higher force
than acoustic traps, one of the main aims of recent optical tweezers research has
been to lower the trapping force to allow for more accurate force measurements on
nano-scale particles [9]. In our context, however, this means that particles in that
size range can easily be dragged through regions of high acoustic pressure without
the use of a particularly strong trap allowing for its use as a sensitive measure
of acoustic forces in specific regions. Furthermore, the optical for significantly
decreases for particles of a larger volume than this limiting the normal operating
range to around 10 µm particles. This presents an opportunity where an acoustic
50
3.8 Conclusion
trap can be used to pattern a large number of polydisperse particles where the
smaller particles can be actively sorted into specific regions using optical traps
such as the situation we have presented here.
3.8 Conclusion
We have demonstrated the simultaneous operation of a single beam optical tweezer
and an acoustic Bessel beam trap. The acoustic Bessel beam is created using a
single element piezoelectric cylinder, also characterised through hydrophone pres-
sure scanning and finite element modelling. The maximum force which can be
produced from this device, at a signal voltage of 10V, on 50 µm and 100 µm
radius polymer spheres was measured, through gravity balancing, as 3.72 nN and
30.6 nN respectively. The force on spheres with radii on the order of 5 µm and
below was much smaller, however, allowing for these particles to be freely manip-
ulated around the acoustic field using a single beam optical tweezer. This method
of ‘fine-tuning’ the positions of acoustically trapped polydisperse samples could
prove useful as a method of cell sorting as well as in other applications.
4VALOR: Vertical Acoustic
Levitation with Increased Optical
Routing
4.1 Introduction
Optical landscapes provide a very effective mechanism for the sorting of particles
without the need for antibody tagging or other labelling [49]. However, as opti-
cal microfluidic sorting is typically done at the base of a flow channel, different
sized particles experience different flow velocities due to the strong gradient in
the Poiseuille-flow distribution at the edges of the channel. Additionally, particles
often stick to the surface of the channel causing strong particle-particle interac-
tions which lead to sorting errors. One method which can be used to avoid these
problems is acoustic levitation. A standing wave acoustic trap can be used to
move all particles away from the edges of a flow channel [16]. This allows an
optical radiation force trap to push and sort particles of varying sizes as they
flow across a virtual “acoustic surface”. This chapter describes a system whereby
an acoustic half-wavelength resonator device is used to move all particles into
the centre of a flow chamber where they are then manipulated laterally using
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an optical trap based purely on radiation force. As the particles are held within
a section of the Poiseuille-flow velocity distribution which is relatively flat, all
particles experience the same net flow velocity. This, along with the elimination
of sticking, reduces the incidence of sorting errors.
Incompressible, Newtonian fluids which undergo laminar flow through a cylin-
drical pipe will experience a Poiseuille-flow distribution. A velocity gradient will
be present within the pipe whereby the fluid in the centre of the flow will travel
faster than fluid which is closer to the boundaries of the chamber. This effect,
illustrated in figure 4.1, is due to the drop in pressure, ∆P , through the pipe of
length, l, as described by the Hagen-Poiseuille law [72]:
Φ =
pir4p∆P
8ηl
(4.1)
Where Φ is the flow rate through the pipe, rp is the total internal radius of
the pipe, and η is the viscosity of the fluid. The velocity as a function of the
radius is given as [4]:
vr =
∆P
(
r2p
)− r2
4ηl
= vmax
(
1− r
2
r2p
)
(4.2)
Where vr is the flow velocity at a certain radius, r, and vmax is the maxi-
mum flow velocity which is at the central axis of the pipe, r = 0. In practice
this means that particles or objects which are in suspension in a fluid which
is experiencing laminar flow will be moving at different velocities depending on
where they are in the chamber which can be problematic in the context of sorting.
As most passive optical sorting is carried out at the bottom of a flow chan-
nel the particles will invariably experience different flow speeds which can cause
sorting errors. This, along with the issue of particles sticking to the lower sur-
face, means that sorting away from the boundaries is often desirable. In order
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Figure 4.1: An illustration of the flow velocity gradient for a liquid in laminar
flow inside a cylindrical chamber of radius rp. The velocity is at its maximum at
the central axis of the pipe and the flow velocity at a given radius, r, is described
in equation 4.2.
to achieve this, we proposed to introduce an acoustic levitator, of half-wave res-
onator design similar to the devices previously published by Glynne-Jones et. al.
at the University of Southampton [16][58][73], to levitate and pre-focus particles
in a flow which can then be manipulated using the radiation force of a laser beam.
An example of this effect in practice is shown in the aforementioned work by
MacDonald et. al. [49]. The method discussed in this paper, whereby particles
of differing refractive index are separated when flowed over a three dimensional
optical lattice created through multibeam interference, has also been applied to
sorting between red and white blood cells. In this case the red blood cells, due
to their disc-like shape, flip onto their side and follow the path of the light into a
separate flow channel whilst the white blood cells remain unperturbed. There is
also the side effect that as the red blood cells flip, they are moved up into a region
of higher flow velocity and their speed is greatly increased [74]. This is illustrated
in figure 4.2, which shows images from a related but previously unpublished video
(found at www.youtube.com/watch?v=LKygjZhXIB4) by MacDonald et. al. of
mouse red blood cells being sorted through this method. Analysis was carried
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(a)
(b)
Figure 4.2: (a) shows mouse red blood cells being flowed over an optical lattice
which then flips and deflects the cells. (b) shows a trace of the path of one such
cell which has been deflected. A video of this can be found at www.youtube.com/
watch?v=LKygjZhXIB4.
out on this video and the average speed of the red blood cells before entering the
light pattern to be 53.2 ± 10.9µms−1 and after being flipped and entering the
faster flow to be 162.9 ± 7.3µms−1 assuming the cells to be relatively uniform
at 9 µm in radius. This shows an average speed increase of over 300% when
the cells are moved further from the bottom chamber and moreover due to the
absence of sticking and other negative drag effects, the speed of the flipped cells
is more uniform. Whilst these calculations are only rough estimates they do still
demonstrate the advantages of moving particles away from boundaries during
sorting, and by using acoustic levitation this can be achieved throughout the
entire sample.
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4.2.1 Optical manipulation by radiation pressure
In order to create a rudimentary optical sorter, an optical radiation force trap
was created. Such traps pre-date optical tweezers and were introduced by Ashkin
in 1970 [22]. The rationale behind using a trap of this type is that while it does
not offer the same complexity as a multi-beam interference optical lattices it does
offer easy integration with acoustic levitators. As this method relies purely on
radiation pressure to deflect particles there is no need to use a beam tightly fo-
cused by a high numerical aperture lens allowing for easier access by using a lens
with a longer working distance.
As the radiation pressure on a sphere is dependent on its size [2] along with
its relative polarizability, this method should provide a means of sorting between
different sized particles by virtue of the amount of deflection they will undergo
when flowed past a single, slightly focused, Gaussian beam.
To this end, a system was designed where a 1070 nm ytterbium fibre laser
(IPG Photonincs) was focused, using a low NA (0.16) aspheric lens, into a glass
capillary, with a square cross-section, which served as a flow chamber for a sus-
pension of particles in water. A schematic of this set up is shown in figure 4.3.
The beam was expanded to fill the focusing aspheric, using lenses L1 (f = 63
mm) and L2 (f = 315 mm) as a beam expander, with a further 2 lenses (f = 160
mm) used to make one mirror conjugate to the back focal plane of the aspheric to
provide a degree of control over the steering of the beam. The aspheric itself had
a numerical aperture of 0.16, an effective focal length of 15.26 mm and a working
distance of 14 mm. For observation a 20X, 0.28 NA, Mitutoyo long working dis-
tance objective lens was used with a Prosilica EC1280 CMOS firewire camera. A
custom Labview (National Instruments) programme was used for image capture
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and recording. A Lezyne Macro drive LED lamp was used at an oblique angle to
the sample plane was used for illumination. The spot size diameter of the beam
at its final focus was calculated to be 4 µm. The power of the laser beam was
measured using a power meter, and the power of the beam before entering the
aspheric lens was taken to be 30% of the value on the laser’s display itself. This
set up was tested to be effective for manipulation of polystyrene particles as small
as 1 µm before the inclusion of the acoustic levitator.
Figure 4.3: Schematic of the radiation pressure optical manipulator. L1 and L2
act as a beam expander with the focal lengths 63 and 315 mm respectively. L3
and L4, both with focal length 160 mm, act as a relay making the mirror, M5,
conjugate to the back focal plane of the aspheric lens allowing for beam steering.
The aspheric lens, with an NA of 0.16 and effective focal length of 15.26, was chosen
to weakly focus the beam whilst also allowing for a long working distance to easily
access the capillary. Mitutoyo 20X objective lens is used in conjunction with a
LABVIEW controlled CMOS camera for observation with a Lezyne bicycle lamp
used for illumination.
4.2.2 Acoustic levitator
The acoustic levitation device used in these experiments was an already well pub-
lished half wave resonator design and, indeed, was constructed in collaboration
with Glynne-Jones at the University of Southampton. Such a device consists of
several key layers, the active piezoelectric element, a carrier layer bonded to the
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transducer through some sort of adhesive or coupling material, the fluid layer
where the suspension of particles is located and a final reflector layer. In the case
of this device, the active element used was lead zirconate titanate (PZT) specif-
ically 1 mm thick PZ26 (Ferroperm piezoceramics) and a square glass capillary,
with an internal width of 0.3 mm and wall thickness of 0.1 mm, acted as both
the carrier and reflector layers and contained the fluid layer. In order to achieve
the half wave resonance, this device was driven with an arbitrary waveform gen-
erator (Agilent 33250A) at 2.24 MHz which was determined through impedance
analysis and verified empirically. In order to achieve a consistant flow inside the
capillary, tubing with 0.5 mm internal diameter was connected to either end of
the capillary with a 1 ml volume syringe connected to one end. The syringe was
driven using a syringe pump (Harvard Apparatus Picoplus) after the entire cham-
ber had been pre-filled with the fluid-particle mixture. This set up was placed on
a sample stage and aligned such that the focus of the aspheric lens was located
in the approximate centre of the chamber as shown in figure 4.4.
One of the main advantages of using a half-wavelength resonator device of this
type is that not only does it levitate the suspension of particles but it will also
pre-focus them into a line due to the lateral forces associated with the acoustic
standing wave and the secondary radiation forces due to particle-particle interac-
tions [14]. By doing this, the optical radiation force trap can be positioned so that
the focus is near to the centre of the chamber where the particles will be located
allowing for the strongest force to be achieved. It does also present a concern
where the lateral acoustic forces will be acting against the optical radiation force
but these forces will be generally weaker in most instances so it only requires us
to use laser powers above a certain threshold to still be able to achieve the desired
effect.
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(a) Front view of capillary
(b) Top view of capillary
Figure 4.4: (a) a front view of the acoustic half wave resonator device. The
capillary acts simultaneously as the carrier and reflector layers and as a chamber
for the fluid layer. The device is positioned such that the radiation force of the
laser will push particles which have been levitated to the side of the chamber as
can be seen in the top down view of the device (b)
4.3 Results
4.3.1 Particle speeds under optical radiation force
In order to assess the effectiveness of the optical radiation force manipulator the
average speed of 10 and 15 µm diameter polystyrene microspheres (density of
1.05 gcm−3 and refractive index of 1.59, Thermo Scientific) whilst they are being
pushed by the laser was measured. As the exact nature of the radiation pressure
is dependent on a number of factors, including but not limited to; the particle
position in relation to the beam axis, the amount of energy which is absorbed or
scattered by the sphere and the nature of the lateral acoustic field, it would be
difficult to fully and accurately quantify the radiation force of the beam so this
method was taken as a rough indication of the trap’s operation. The particles
were flowed at 1.5 ml/hr past the location of the beam and the spheres were
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Figure 4.5: Average particle speeds under the radiation force of the laser with a
comparison between the speeds with ultrasonic levitation on and off
deflected laterally in the same direction as the beam’s propagation. The speed at
which the particles were accelerated to was measured, depending on laser power,
through image analysis using a manual particle tracking plugin for ImageJ. The
results of these measurements comparing the optical radiation force for particles
which were acoustically levitated to those which were not are presented in figure
4.5. As expected and as we have seen with the examples of the red blood cells
earlier there is a vast increase on the speed of particles which have been levitated
due to the reduction on sticking and drag associated with operating close to a
boundary. The speeds of the particles which have been levitated are, in fact,
lower for a laser power of 240 mW due to the resistance of the lateral acoustic
forces which are now present, but this is easily overcome at higher laser powers.
The speeds of the particles under normal flow were also measured dependent
on the input flow rate from the syringe pump, these results are shown in figure
4.6. As one would expect the speed of the particles is dramatically increased
under acoustic levitation owing to them being moved into a region of increased
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Figure 4.6: A comparison of the particle speeds as they are flowed through the
chamber showing the dramatic increase under acoustic levitation as the particles
are moved into a region of faster flow
flow rate. This indicates that the flow rate of an optical sorting system would be
greatly increased if used in conjunction with an acoustic levitation device.
4.3.2 Optical sorting
As particles experience a different radiation pressure depending on their size, it
was determined that the optical radiation force manipulator could be used as
a rudimentary optical sorter, such as those discussed in section 2.2.8. Again,
polystyrene microspheres of 10 and 15 µm diameter were used as a test case in
this preliminary study. 5 µm borosilicate glass microsphere’s were also considered
however whilst there was some success manipulating them when close to the bot-
tom of the flow channel, when levitated acoustically they were located in a lower
axial plane than the larger particle meaning that sorting a polydisperse sample
was not possible. In order to achieve sorting a sample containing both 10 and
15 µm particles was flowed across the laser beam at several different flow rates,
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and also with different incident laser powers. This was repeated with the acous-
tic levitator turned on at 2.24 MHz with an excitation voltage of 8V, any higher
than this and the lateral acoustic forces and hot spots would have presented more
of a problem. As the levitation caused the particle to move into the centre of
the channel and therefore the highest flow velocity the throughput of particles
dramatically increased. This also meant, however, that the particles were always
flowed into the region of highest laser intensity reducing the number of unsorted
particles.
In order to determine the efficiency of the system as a particle sorter image
analysis was carried out where a section on the left hand side of the image was
considered to be the region, shown in figure 4.7a, where a particle was fully sorted
and anything outside this region after passing through the laser beam, an image
of which created by scattering is shown in figure 4.7b, was considered unsorted.
The number of particles which were pushed into this region by the laser were
counted and taken as a percentage of the total. The results of this are shown in
figure 4.8. This shows that there is not much difference in the sorting between
10 µm and 15 µm spheres, however the high number of particles deflected is
maintained under acoustic levitation proving that the same level of sorting can
be achieved but at a much higher flow speed.
4.4 Discussion
Whilst it is clear that the use of acoustic levitation in this case results in a much
higher throughput and increases the ease with which the particle can be manipu-
lated optically, this can sometimes be a hindrance. By reducing the drag on the
particles that are being manipulate one does this for all particles simultaneously
so that deflection occurs on a wider range of particle sizes and they aren’t able to
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(a)
(b)
Figure 4.7: (a) shows an image of the sorting area with an overlay of the approx-
imate location of the laser. The black dotted line marks the sorting region and
anything which is deflected to the left of this line is considered fully sorted. (b)
shows an image of the laser scattered by a concentrated sample of 2 µm spheres to
indicate its position.
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(a) Ultrasound off
(b) Ultrasound on
Figure 4.8: The percentage of the particles deflected by the weakly focused laser
beam as a function of the input flow speed for ultrasound off (a) and ultrasonic
levitation on (b). Sample videos of these results can be found at www.youtube.
com/watch?v=qcnKrdEhG54 for ultrasound off and at www.youtube.com/watch?v=
965r_9rhXn0.
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be sorted. Moreover there is very little difference between the percentage of 10
micron spheres deflected and the percentage of 15 micron spheres deflected. This
implies that the sorting between these two particle types would be unlikely under
anything other than very specific conditions. The phase for sorting to occur at a
specific flow speed or laser power may be very narrow and further study would
be required to find these specific conditions.
5 µm microspheres were attempted for these procedures, however, under
acoustic levitation, these spheres sat in a lower axial plane in the fluid chamber
than their larger counterparts making simultaneous sorting difficult. This could
be considered a two stage sorter of the type previously described by Glynne-Jones
et. al. [16] where some particles are already separated axially before others can
be sorted using optics laterally.
It is clear from these results, however, that the percentage of particles de-
flected of both types does not reduce by much with acoustic levitation turned
on despite the much higher throughput and higher particle speeds. This is also
helped by the lateral acoustic forces which pre-focus the beads in the sample into
a line which is directed straight into the region of highest light intensity mean-
ing that it is easier to target the radiation force trap creating a more successful
sorter. The increased throughput is of extreme value in many sorting applications.
4.5 Conclusions
It has been shown that the use of an acoustic half wave resonator in a microfluidic
setting dramatically increases throughput and particle speed by virtue of them
now been located in a higher region of the velocity gradient. The lateral optical
radiation force trap has been shown to be effective in deflecting 10 and 15 µm
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particles even under the increased throughput conditions with acoustic levita-
tion although it was not shown to be effective in differentiating between the two
particle types.
5Transparent Acoustic Levitators
5.1 Introduction
Whilst combining acoustic levitation with optical sorting has been shown to in-
crease efficiency, the requirement to use optically opaque ultrasound sources puts
limits on the kinds of optical systems which can be used. As most piezoelectric
materials that are opaque use opaque metal electrodes one must either rearrange
the optical system to accommodate the ultrasonic element [21] or use an ultra-
sonic trap with sources on the sides of the chamber [17]. Both options have
previously been employed but they still place a limit on the full range of optical
systems which can be used and, critically, do not allow trans-illumination. This
chapter presents two transparent ultrasonic sources consisting of Y − 36o cut
lithium niobate (LNO) with electrodes of partially transparent silver mesh and
full transparent indium tin oxide (ITO). These devices can be used to construct
transparent acoustic levitators which can be used with trans-illumination imag-
ing set ups. The ITO coated device has been characterised for its transparency
and its acoustic performance has been compared against a LNO device which is
coated with more commonly used silver electrodes. The ITO coated LNO has
also been used to create a standing wave trap which is effective in manipulating
particles.
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Lithium niobate is a dielectric crystal in the 3m group which is grown synthet-
ically. It is already well known for its use in optics in devices such as Pockle’s
cells, electro-optic devices and Q-switches [75]; it also has a range of actual and
potential ultrasonic applications including high-temperature non-destructive test-
ing [76], high resolution medical imaging [77] and focused ultrasound surgery [78].
This wealth of applications is due to the wide range of physical effects which it
displays including piezoelectricity, pyroelectricity, optical birefringence and sec-
ond harmonic generation.
The geometrical form of LNO which has been selected for the transparent
devices is Y-36o cut LNO (Roditi, London, UK), because it has the highest
thickness-mode electromechanical coupling coefficient, kt = 0.49. The samples
used have dimensions 10 x 10 x 0.5 mm3 cut from off-the-shelf 3” diameter wafers.
This was the piezoelectrically active element device and although transparent it-
self when polished on both sides still requires some form of electrode to excite
the element, which is also required to be transparent.
5.3 Silver mesh
The first transparent devices were electrically activated using fine mesh silver on
polymer sheets (supplied through a collaboration with Heriot-Watt University).
This silver mesh consisted of lines of 10 µm thick silver patterned onto a polymer
sheet in a square grid pattern with gaps between the silver of 300 µm. This
provided a case where the LNO could be partially electrically activated whilst
still retaining large regions where the device would still remain transparent. This
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mesh sheet was affixed to the LNO pieces using transparent epoxy a microscope
image of the sample is shown as figure 5.1.
Figure 5.1: Silver mesh electrodes on a transparent LNO samples. The silver
mesh on the rear of the sample is also clearly visible showing the ability to image
through such a sample.
5.3.1 PZFlex modelling
In order to determine the most efficient operating mode for Ag-mesh electrode
LNO and its viability as an acoustic levitator, the sample was modelled in fi-
nite element software, PZFlex. Several different models were created in order to
determine how the pattern of the mesh electrode affects the performance of the
ultrasound transducer. Three 3-dimensional models with different electrode con-
figurations were built and analysed with the model and layer dimensions shown in
figure 5.2 and table 5.1 and the electrode configurations are shown in figure 5.3.
The piezomaterial in each model is Z-cut LNO, as the exact parameters required
for the model of Y-36o cut LNO were unknown. The track width of the mesh
electrode is 15 µm and grid size 300 x 300 µm as it was in the experimentally
used sample. The electrodes were assigned on the top and the bottom surfaces
in model A, and between epofix and polythene layers in model B and C.
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Figure 5.2: 3D models of devices: (a) LNO transducer, (b) LNO attached with
epofix and polythene layers, (c) Model B attached with extra water and glass layers.
Figure 5.3: Electrode patterns: (a) Whole surface, (b) Mesh electrodes in good
alignment, (c) Mesh electrodes in shifted alignment (nodes of ground electrode
align to the central points of mesh grid of positive electrode)
Pzflex is a time-domain solver, hence the models are excited by a pulse (a
half cycle of sinusoidal signal at 13.2 MHz, twice the interested frequency of 6.6
MHz) and letting it ring down to ensure the oscillation is decayed by the end of
the runtime. Then the impedance spectrum of the system and the z-displacement
frequency response of one selected node in the interested layer are extracted from
the recorded time-domain response. After choosing the maximum response fre-
quencies as the operation frequencies, the model is run again to calculate the
mode shapes (including displacement, velocity and pressure field) at the chosen
frequencies.
From the impedance data in figure 5.4a 5.4c 5.4e, when the extra passive
materials are added in the model the fundamental resonant frequency is changed
Material LNO Epofix Polythene Water Glass
Thickness (µm) 500 12.5 50 100 100
XY Plane size 1.26 x 1.26 mm2 (16 electrode grids)
Table 5.1: Layer dimensions for the PZFlex model
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A
Electrode configurations Modal Frequency (MHz)
A 7.28
B 7.27
C 7.27
B
A 6.60
B 6.62
C 6.62
C
A 5.51 6.94
B 5.51 6.97
B 5.51 6.97
Table 5.2: Modal frequencies for the models with different electrode configurations
due to the resonances between layers. It is also noticed that, for all three models,
the impedance spectra of electrode B and C always stay the same, which may be
because these electrodes possess the same area of coverage across the transducer.
In figure 5.4b 5.4d 5.4f, the z-displacement response is recorded at the selected
node in the interested layer: this being the central node on the LNO top surface
in model A, the central node on the top polythene layer in model B, and the
central node in the middle of the water layer in model C. The frequencies of the
larger peaks of z-displacement response always lie between their relevant electri-
cal and mechanical resonant frequencies. It is these frequencies, shown in table
5.2, which were chosen to rerun the model and extract the mode shape.
Only model C was run again to obtain the mode shape as this model would
be the closest to the normal operation of the transducer as an acoustic levitator.
The normalised pressure distribution was obtained for all model C beginning with
electrode configuration A. This model was run again with both electrode config-
urations B and C to ascertain if there was any difference between the two.
The normalised pressure distribution through the model with electrode A
is shown in figure 5.5. Because of the whole area electrode and the symmetry
boundary condition, the pressure amplitude on the XY plane is very uniform, less
than 0.01% difference between maximum and minimum amplitude in the same
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(a) (b)
(c) (d)
(e) (f)
Figure 5.4: Frequency responses of introducing different electrode patterns: (a)
Impedance spectrum of three models (Impedance magnitude is calculated from the
LNO size of 16 electrode grids as 1.26 x 1.26 mm2); and (b) z-displacement fre-
quency response of one node in the interested layer of three models (Input voltage:
1 V)
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plane, so the pressure along the Z-axis is representative of the pressure distri-
bution across the whole model. The pressure minimum in the water layer can
be found near the middle of the layer thickness which is ideal for trapping. The
frequency of 5.51 MHz gives a shaper pressure gradient than 6.97 MHz in the
water layer, which means this frequency will generate larger radiation force and
have a produced a better trapping result.
Figure 5.5: Normalised pressure distribution through thickness of Model C with
Electrode A. (The layers from left to right are: Polythene, Epofix, LNO, Epofix,
Polythene,Water and Glass)
To extract the pressure distribution through the thickness of the model for the
silver mesh electrodes, two typical nodes are selected. For electrode configuration
B, one is a node at a cross point of two electrode tracks and another is in the
middle of the electrode grid, as shown in figure 5.6a. The normalised pressure
distributions through the selected nodes across the whole thickness are shown in
figure 5.6b. The overall pressure amplitude generated with the electrode B is less
but still in the same order of the amplitude than that with the electrode A.
In figure 5.6b, similar to the model with Electrode A, the pressure minimum
in the water layer can be found near the middle of the water layer; their locations
depend on the layer thickness and driving frequency. And the frequency of 5.51
MHz gives a shaper pressure gradient than 6.97 MHz in the water layer. The
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(a)
(b)
Figure 5.6: (a) Positions of the selected specific nodes on track and on grid
middle. (b) Normalised pressure distribution through thickness of Model C with
Electrode B. (The layers from left to right are: Polythene, Epofix, LNO, Epofix,
Polythene,Water and Glass).
pressure distribution is very nearly the same between different selected nodes at
the same frequency.
Figure 5.7 shows the pressure distribution on XY plane at the minimum pres-
sure layer and the layers of 15 µm away from the minimum pressure layer. The
pressure amplitude is not uniform for each XY plane, e.g. the maximum pres-
sure amplitude is about 40% more than the minimum pressure in the minimum
pressure layer. However, the pressures in the layers of 15 µm away from the
minimum pressure layer are more than one order of magnitude of the pressure at
the minimum pressure layer, which will generate about more than two orders of
magnitude of the radiation force, as the force scales with the square of pressure,
so enough force can be generated to drive the particles to the pressure minimum
layer.
For the model with electrode C, two typical nodes are selected as shown in
figure 5.8a. The normalised pressure distributions through the selected nodes
and across the whole thickness are shown in figure 5.8b. Again this shows very
similar results at each node for the two different frequencies.
74
5.3 Silver mesh
(a) (b) (c)
(d) (e) (f)
Figure 5.7: Normalised pressure distribution (Pa/V) of XY-plane at (a, d) 15 µm
below the minimum pressure layer; (b, e) minimum pressure layer; (c, f) 15 µm
above the minimum pressure layer at 6.97 MHz and 5.51 MHz respectively.
(a)
(b)
Figure 5.8: (a) Positions of the selected specific nodes on track and on grid
middle. (b) Normalised pressure distribution through thickness of Model C with
Electrode C. (The layers from left to right are: Polythene, Epofix, LNO, Epofix,
Polythene,Water and Glass)
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(a) (b) (c)
(d) (e) (f)
Figure 5.9: Normalised pressure distribution (Pa/V) of XY-plane at (a, d) 15 µm
below the minimum pressure layer; (b, e) minimum pressure layer; (c, f) 15 µm
above the minimum pressure layer at 6.97 MHz and 5.51 MHz respectively.
Figure 5.9 shows the normalised pressure distribution on XY plane for the
model with electrode configuration C. The pressure amplitude is not uniform in
the minimum pressure layer. However, the pressure amplitude in the layers of 15
µm away from the minimum pressure layer are more than one order of that of the
minimum pressure layer. This result is very similar to the result shown in figure
5.7.
A comparison of the two different electrode configurations B and C would
show them to be very similar in this model proving that there would be no dif-
ference practically in the use of either one of these.
These modelling results show that the Ag-electrode pattern could possibly be
used to drive an LNO sample while still maintaining most of the transparency
of the lithium niobate. Whilst there is no difference in response between the
different electrode patterns, they are still both an order of magnitude lower than
that of electrodes which cover the entire area.
76
5.3 Silver mesh
Figure 5.10: Impedance magnitude and phase spectrum of LNO with silver mesh
electrodes.
5.3.2 Impedance spectroscopy
This sample was tested for its acoustic response using an impedance/network/spec-
trum analyzer (4395A, Agilent Technologies, South Queensferry, UK) and the
resultant impedance magnitude spectrum in air is shown in figure 5.10.
Whilst the sample shows clear resonances at 4.4 and 5.9 MHz the signal is
very weak in comparison to a similar device which has been coated across the
entire face of the device. From this result and those of the modelling it is clear
that although the mesh electrode would provide somewhat of a solution to the
transparency problem and it may produce a small response it is possibly too weak
to be realistically used to drive an effective acoustic levitator. It is for this reason
that other avenues for transparent transducers were explored from this point on.
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Indium tin oxide, a compound of indium oxide (In2O3) and tin oxide (SnO2) [79],
is widely known for its use as transparent electrodes in liquid crystal displays,
solar cells and light-emitting diodes [80]. It is one of the most popular metal
oxides for use as a transparent electrodes favoured because of its relatively high
conductivity, in the range of 104 Scm−1[80]. Its high expense, however, remains a
drawback in comparison to other transparent conductors such as aluminium zinc
oxide and graphene [81].
The resistance of the particular ITO sample used in these experiments was
10 Ωsq−1 with an average surface roughness, Ra, of 1.69 nm, density 7100 kgm−3
[82], Youngs modulus 116 GPa [81], a Poisson ratio of 0.35 [81] and the velocity
of sound is calculated by Newton-Laplace equation, about 4200 ms−1. An AFM
scan of a typical ITO sample of this type (although not our exact sample) was
obtained from the manufacturer and shown in figure 5.11. The LNO samples were
coated with ITO through DC magnetron sputtering. An image of the sample
coupled to a glass capillary is shown in figure 5.12. This ITO sample possessed a
microcrystalline structure.
5.4.1 Optical transmission
The ITO coated LNO samples were first tested for optical transmittance using
a spectrophotometer (JASCO). This was carried out for the visible and near
infrared (NIR) wavelengths to cover both imaging through the sample and NIR
laser wavelengths commonly used for optical manipulation. A sample of uncoated
LNO was also measured for its transmission as a comparison. The transmission
spectra of both the coated and uncoated LNO wafers are shown in figure 5.13.
Over both the visible and NIR wavelengths the ITO-coated LNO shows good
transmittance. Around 600 and 800 nm, the ITO-coated sample is even more
transmissive than the uncoated sample, suggesting that the ITO acts as an anti-
78
5.4 Indium Tin Oxide
Figure 5.11: AFM scan of a typical 10 Ωsq−1 sample of ITO obtained from the
manufacturer (Diamond coatings, Halesowen, UK)
reflective coating at these wavelengths. As the transmittance decreases at NIR
wavelengths, one should give consideration to heating caused by absorbed light
when using lasers in this region, and potential pyroelectric effects. However,
this increase in temperature is likely to be dissipated across the entire element
and so will not cause high localised temperature increases. Furthermore, an
approximation of the thickness of each ITO layer can be calculated from the phase
shift associated with the interference minima and maxima in this transmission
data as 606.3 ± 54.9 nm. It could further be improved by optimising the thickness
of the ITO layer or by using a refractive index matching layer to maximise the
transmission.
5.4.2 Acoustic performance
The ITO coated LNO was tested for its ultrasonic response using a fibre optic
hydrophone (FOH, Precision Acoustics, Dorset, UK). To calibrate the response
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Figure 5.12: A Y-36o cut LNO plate coated with ITO and coupled to a glass
capillary showing its visible transparency
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Figure 5.13: Optical transmittance of the uncoated and ITO-coated LNO showing
good transparency for visible and NIR wavelengths.
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Figure 5.14: Figure 1. Impedance magnitude and phase spectra of ITO-coated
LNO compared with silver (Ag) coated ITO.
of the ITO coated material, a 10 x 10 x 0.5 mm3 sample was housed in a plastic
case along with a sample of LNO of identical dimensions coated with conven-
tionally conducting, opaque silver electrodes. The LNO samples were fixed by
microballoon-filled epoxy at the edges, with air backing, to avoid dissipation
of energy. The electrical impedance spectrum of each sample was recorded in
air using a impedance/network/spectrum analyzer (4395A, Agilent Technologies,
South Queensferry, UK) as shown in figure 5.14.
From the impedance spectra, shown in figure 5.14, it can be seen that the
Ag-coated LNO has a lower resonant frequency, which is likely due to thicker
electrodes compared to the ITO-coated sample. The effective coupling coefficients
of both transducers were calculated using the parallel resonant frequency, fp, and
series resonant frequency, fs, with equation 5.1 [83]:
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keff =
√
f 2p − f 2s
f 2p
(5.1)
The calculated effective coupling coefficients shown in table 5.3 demonstrate
that the ITO-coated LNO has a very similar performance to the Ag-coated LNO,
with keff reduced by less than 5%.
fp (MHz) fs (MHz) keff
Ag painted LNO 6.288 7.104 0.4655
ITO coated LNO 6.498 7.253 0.4442
Table 5.3: Resonant frequencies and effective coupling factors of Ag-painted and
ITO-coated LNO.
For pressure measurements, each sample was driven at its fundamental par-
allel resonant frequency, fp, as listed in table 5.3, using an arbitrary waveform
generator (32220A, Agilent, South Queensferry, UK). Both the device and the
hydrophone were submerged in a water tank. The hydrophone was connected
to an oscilloscope and positioned in order to receive the peak pressure signal.
The signal voltage for each sample was increased in increments of 1 Vpp from 4
Vpp up to 20 Vpp and the received signal from the hydrophone recorded at each
interval. A total of five sets of measurements were carried out and the standard
deviations were calculated. These recorded voltages were then converted to the
pressure according to the manufacturer’s calibration of the hydrophone sensitiv-
ity at the working frequency. Figure 5.15 compares the pressure produced by the
sample.
The pressure measurements show an adequate response from the ITO coated
LNO in comparison to the Ag-coated sample, in turn suggesting that using ITO
is a viable alternative to conventional opaque electrodes in applications where a
transparent transducer is required, without a huge sacrifice in performance, less
than -4 dB. Specifically, for microfluidic resonant devices, an ultrasonic standing
wave with a pressure amplitude of 0.350.5MPa can generate a radiation force
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Figure 5.15: The pressure output of ITO coated LNO compared with Ag coated
LNO. The fact that the value of the intercept isn’t zero is attributed to the 1015%
uncertainty in the sensitivity of the hydrophone. The base noise level of the hy-
drophone when not receiving a signal has been subtracted from the measured signal.
of the order of 100 pN on a 10 µm diameter polystyrene sphere [84][85]. In this
case, if this ITO coated LNO is coupled to a resonant cavity with a conventional
Q-factor, e.g. 50 < Q < 1000 [84][73][86] the pressure in the cavity would be able
to manipulate the microparticles.
5.5 Discussion
Whilst these results show that a transducer using ITO oxides is a viable alter-
native to opaque silver electrodes in terms of performance, the relative expense
and scarcity of ITO is still a major stumbling block in its widespread use. Alter-
natives such as aluminium zinc oxide, AZO, and fluorine tin oxide, FTO, have
been proposed previously but the electrical performance of these materials do not
match up to ITO [79]. Likewise with conducting polymer thin films. Graphene
may prove to be a reliable and cheap alternative, however, this field is still in its
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relative infancy and a method for reliably coating large samples with graphene is
still not commercially available [87].
Electrodes which only partially cover the surface of the active piezoelectric
element and contain optical “window”, such as the silver mesh electrode also
proposed here, may also be considered but it is shown that the performance of
such electrodes is much lower than that of ITO. Any attempts to improve the
electrical performance of such electrodes, such as decreasing the mesh size or in-
creasing the thickness of the silver lines, would also diminish the ease of optical
access through the sample.
The use of these transparent ultrasonic elements could, along with particle
manipulation, see use in optical acoustic imaging. This is a method whereby a
laser pulse is used to stimulate an acoustic response in tissue which is then re-
ceived using a piezoelectric transducer [88]. Currently the receiving transducer
must either be placed on the far side of the sample from the laser source or
be built with a hole for optical access. Polyvinylidinefluoride, PVdF, sensors
coated with ITO have previously been offered as transparent receivers [89] but
these do not allow for the generation of ultrasound. Using ITO coated LNO, one
has the option to use simultaneous ultrasonic imaging and opto-acoustic imaging.
In the context of this thesis, however, it is for hybrid optical and acoustic
particle manipulation which is seen as the most immediate application of these
devices. As shown in chapter 4, the use of ultrasonic levitation to move a suspen-
sion of particles away from surfaces can improve the throughput of a rudimentary
optical sorter. Through the use of ITO coated LNO as an acoustic levitator, there
is no need to rearrange any optical system, which opens up the possibility of using
more complex optical systems and greatly improving the imaging.
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5.6 Conclusions
It has been shown that ITO-coated LNO transducers have good transparency in
the visible and NIR regions of the optical spectrum and can produce ultrasonic
pressures which are similar with commonly used silver electrodes. Silver mesh has
also been tested as a potential transparent electrode although the performance
of the device was deemed not high enough to be considered a viable alternative
to opaque metal electrodes. The optical transmission could be further improved
by using refractive index matched ITO. Use of these devices opens up the pos-
sibility to configure a wide range of hybrid ultrasonic - optical systems without
the restrictions associated with using opaque ultrasonic transducers. A few such
systems shall be discussed in chapter 6.
6Optical sorting with transparent
acoustic acoustic levitation
6.1 Introduction
As discussed in chapter 4, acoustic traps are useful in reducing some of the short-
comings associated with optical sorting by moving all particles away from surfaces
such that they all experience the same net flow velocity. However, the need to
use opaque piezoelectric materials somewhat limits their use in optical systems.
To combat this problem one must either use an acoustic trap where the piezo-
electric elements are located at the sides of the sample chamber, which would
discount the use of acoustic levitation, or modify the optical set up such that the
imaging and trapping can be carried out through the remaining planes of optical
access. Whilst both methods have been employed previously to varying degrees
of success [17][21], the use of a transparent acoustic levitator, such as the one
described in chapter 5, leaves open the use of more complex optical arrangements
without the need for modification. This chapter describes a system which em-
ploys the ITO coated Lithium Niobate device described in the previous chapter
to levitate particles in an optical sorter. This method retains the optimal imaging
arrangements commonly used in microscopy and also leaves open the use of more
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complex arrangements of optical traps which would not be available should one
or more planes of optical access be blocked by the use of opaque acoustic elements.
A key issue affecting the operation of optical traps is the drag associated with
trapping close to a boundary of a chamber. A standard method for calibrating
the force produced by an optical tweezer is to measure it against another known
force, such as the hydrodynamic drag of a fluid. Practically, this can be done by
dragging a trapped bead through a fluid, increasing the velocity until the point
where the particle is no longer held in the optical trap [90]. The drag force,
FD, known as Stoke’s drag can be calculated for a fluid of known viscosity using
equation 2.1. If the velocity of the object at the point which it is no longer held
in the optical trap is known, then the trapping force can be calculated as being
equal to FD. This equation, though, contains a number of conditions. It assumes
that the flow is laminar, that the object is spherical and that it is far from other
objects and chamber boundaries. For particles that are less than 5 times their
own radius away from a boundary, Faxen’s corrections must be added as in equa-
tion 2.2. Knowing the exact distance a particle is from a surface is not always a
trivial matter though so it is preferable when trying to obtain an accurate mea-
sure of a trap’s force that it is operating far from any surfaces. This is not a
problem when using a system with a high numerical aperture objective (>1.0) as
axial trapping is possible, but for situations where axial trapping is not possible,
such as where a longer working distance is desired, other solutions must be sought.
In this chapter, a transparent acoustic levitator is used to move objects away
from surfaces whilst an optical trap without the capability for axial trapping
manipulates a 5 µm diameter particle. Not only does this simplify the characteri-
sation of the trap but the act of moving a particle away from a surface will reduce
the chance of sticking and further viscous drag, making for a stronger trap. This
also becomes important for the second part of this chapter, where the transparent
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levitator is used in conjunction with a multi-beam interference optical sorter in
order to aid in the sorting between 2 and 5 µm particles.
6.2 Single beam optical trapping with acoustic
levitation
For these experiments, a single beam optical trap, similar to the trap in chapter
3, was constructed and is shown in figure 6.1. This consisted of a 1070 nm ytter-
bium fibre laser, a beam expand consisting of 70 mm and 500 mm focal length
lenses, designed to slightly overfill the back aperture of the objective, a lens re-
lay consisting of two lenses of 160 mm focal length designed to make one mirror
conjugate to the back aperture or the objective to allow for beam steering and a
63X, 0.9 NA objective lens. The laser power was measured just before entering
the objective lens using a power meter (Thorlabs PM100D). For observation, a
Khoeler illumination was set up with a white light illumination source, a collector
lens of 25 mm focal length and two further lenses of 100 mm focal lengths, with
two adjustable iris apertures to adjust the brightness and spot size of the illu-
mination. The images were collected with a CMOS camera (Procsilica EC1280)
with a custom LABVIEW programme used for image acquisition. The transla-
tion stage on which the sample was place was connected to motorized actuators
(Newport LTA-HS) operated using a motion controller (Newport ESP301) allow-
ing for accurate positioning and speed control of the sample.
For the acoustic control of the particles, an element of indium tin oxide, ITO,
coated lithium Niobate, LNO, of the type described in detail in chapter 5, was
used. This element was connected to a glass capillary, with glass thickness 0.1
mm, inner chamber width 1 mm and height 0.1 mm, using a small amount of
silicon grease as an adhesive and acoustic couplant, as shown in figure 6.2. The
capillary was pre-filled with a suspension of 5 µm diameter silica particles (den-
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Figure 6.1: Single beam optical tweezer set up. Lenses L1 and L2 act as a beam
expander, with focal lengths 70 and 500 mm respectively. L3 and L4 operate as a
lens relay, with focal lengths of 160 mm, making the mirror M2 conjugate to the
back aperture of the objective. L5, L6 and L7 have focal lengths 25, 100 and 100
mm respectively and I1 and I2 are adjustable iris apertures.
sity 2.65 gcm−3 and refractive index 1.54) and the transducer driven using an
arbitrary waveform generator (Agilent 33250A) at 6.6 MHz and amplitude 8V
peak to peak.
As an optically trapped particle acts as if attached by a Hookean spring,
the “stiffness” of the optical trap can be used as a measure of its effectiveness.
By dragging the particle at a constant speed through the fluid and measuring
its displacement, x, from the beam’s central axis, one can find the stiffness, k,
through the combination of equations 2.1 and 2.3 to give the expression:
kx = 6piηrv (6.1)
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Figure 6.2: Diagram of the layers of the transparent acoustic trap. The capillary
has an inner height of 0.1 mm and glass wall thicknesses of 0.1 mm.
However, as mentioned before, Faxen’s corrections must be used to adjust the
formula for particles trapped close to a boundary. The distance of the particle
from the lower surface of the capillary was estimated using a micrometre actuator,
to be on average 7.76±0.01µm. An isolated bead was trapped and the stage was
moved in the transverse direction at a constant speed. This was repeated several
times for increasing speeds and increasing laser powers. The displacement from
the beam axis was measured using a LABVIEW based particle tracking software
developed by Milne and described in his PhD thesis [91]. This software is now
freely available on the internet (http://www.ni.com/example/25948/en/) and
claims to be able to resolve as little as 50 nm displacements. The trap stiffness
was then calculated using equation 2.1 for both the ultrasonic levitation in oper-
ation and not. The results of this are shown in figure 6.3.
These results clearly indicate that whilst the trap stiffness is fairly similar for
both ultrasound on and off, the use of Faxen’s corrections is not ideal. As this cal-
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Figure 6.3: Plot of the optical trap stiffness depending on the input laser power.
The stiffness values increase with the ultrasonic levitator in operation moving the
trapped particles away from the surfaces.
culation relies on knowing, to a fairly accurate degree, the distance of the particle
its nearest surface, which is not always a trivial task and the distance is likely to
have changes as the particle was dragged, the calculation is often unreliable. Use
of acoustic levitation to move the particles far from the surface eliminates the
need for Faxen’s corrections giving a more reliable measure of the trap’s stiffness.
6.3 Optical sorting with acoustic levitation
As was shown in chapter 4, ultrasonic levitation can increase throughput in a
microfluidic optical sorting set up however, the nature of the set up was such
that it could not conclusively prove that sorting would be improved. With the
use of the transparent levitator, a more complex and efficient sorting set up could
be used and the effectiveness of using an acoustic levitator with sorting set ups
could be ascertained.
The optical sorter which was used a multi-beam interference set up similar
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to the one used by MacDonald et. al. in 2003 [49]. This set up, shown in
figure 6.4, consisted of a 1064 nm Nd:YAG laser, passed through an Erbium fibre
laser amplifier, which is then split by a diffractive optic element into three beams
diverging from the central, undefracted spot. The beams, whose phase can be
independently adjusted using glass coverslips, are eventually co-focused at the
sample plane producing a three-dimensional optical lattice interference pattern.
This pattern resembles several lines of intense light angled at 45o which can deflect
particle flowed over it. Again, a Khoeler illumination set up and a CMOS camera
were used for observation with a 20X long working distance objective lens. The
aspheric lens used in this case had a numerical aperture of 0.25, similar the that of
the objective lens at 0.28, this was essential for imaging the interference pattern
during operation.
Figure 6.4: A diagram of the optical multi-beam interference sorting set up. The
numbers written next to the lenses state their respective focal lengths in millime-
tres. The diffractive optic element (DOE) splits the beam into three parts where it
is then refocused by the aspheric lens to create an three dimensional optical lattice
at the sample plane.
As before, the transparent acoustic levitator was attached with silicon grease
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to a glass capillary with an inner height of 0.1 mm which was pre-filled with a
sample of both 2 µm diameter polystyrene spheres (refractive index, n = 1.59)
and 5 µm diameter silica spheres (n = 1.54). The differing refractive indices in
this case would also aid separation as well as their size. The transducer was again
driven at 6.6 MHz and amplitude 8V with an arbitrary waveform generator. Us-
ing the same motorized sample stage as for the drag measurements a constant
virtual flow speed could be created to move the particles over the interference
pattern. As this method only created a virtual flow, the problems associated
with a Poiseuille flow distribution discussed in chapter 4 were not of primary
concern in this instance.
The sample was moved at several increasing speeds across the interference pat-
tern for both the ultrasonic levitation on and off and the percentage of particles
deflected was counted with the aid of Milne’s LABVIEW particle tracking soft-
ware [91]. The laser power was kept constant at 1W throughout these procedures,
and the sorting efficiency was investigated purely as a function of stage speed.
Images showing the particle deflection are shown in figure 6.5 while the results of
the sorting percentages are shown in figure 6.6. Example videos of these experi-
ments can be found at www.youtube.com/watch?v=pu2dth9Jq68 for optical sort-
ing without acoustic trapping and at www.youtube.com/watch?v=vcRjNEfKLSo
for optical sorting with acoustic trapping in operation. A figure of merit (FOM)
figure was also created by subtracting the percentage of 5 µm particles deflected
from the number of 2 µm particles deflected in order to indicate the optimal speed
for which the two particles species are separated to their fullest. A comparison
of the FOM figures for ultrasound on and off is shown in figure 6.7. Initially the
vast majority of the 2 µm particles are deflected whilst few of the 5 µm particles
are but as the stage speed is increased less of the smaller particles are deflected.
From the figure of merit figures we can see that the most efficient configura-
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Figure 6.5: Particle path traces as they are flowed over the optical lattice. (a)
shows the traces of 2 micron particles only whereas (b) shows the traces of 5 micron
particles only. The white circle indicates the region where the light intensity of the
optical lattice is greatest. The video from which these images are taken can be
found at www.youtube.com/watch?v=vcRjNEfKLSo.
tion for this sorter is with stage speed at 30 µms−1 and the ultrasonic trap in
operation as this represents a total separation of the two particle types.
6.4 Discussion
Whilst it has been shown that the optical trap stiffness is slightly increased when
trapping particles far from boundaries, this is not an altogether unexpected or
original result. What is remarkable is that this is something that is normally
difficult to achieve without the capability for axial optical trapping. This allows
for lower NA objectives to be used more effectively for lateral trapping for in-
stances where a wider field of view or lower magnification may be needed. Whilst
lower NA objectives have been able to achieve axial trapping previously [45] this
method can be achieved with a standard, unaltered optical tweezer set up. The
advantage of the transparent ultrasound device is that it can be utilised in almost
any optical set up without alteration which provides a distinct advantage over
similar techniques which use opaque devices.
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(a)
(b)
Figure 6.6: The percentage of particles of each type which have been deflected
by the optical lattice. Type A is 2 micron polystyrene particles and type B is 5
micron silica particles. (a) shows the percentage deflected whilst the ultrasonic
levitation is switched on and (b) shows the same effect whilst the ultrasound is not
in operation.
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Figure 6.7: Figure of merit (FOM) analysis. The FOM represents the percentage
of particle type B deflected subtracted from the percentage of type A deflected.
This shows the most efficient configuration to achieve full separation of the two
particle types.
The increase in sorting efficiency between 2 and 5 µm particles through the
use of ultrasonic levitation was not so much due to the reduced amount of stick-
ing from sorting near the bottom of a channel but more to do with the lateral
acoustic radiation forces. Such radiation forces are well described [14][84] and is
the same effect that caused the pre-focusing in the channel in chapter 4. As the
acoustic force scales with the size of the particles, it is clear that these forces had
a more profound effect on the 5 µm particles, holding them firmly in their equi-
librium positions and preventing them from being deflected by the optical lattice.
The acoustic force still has a small effect on the 2 µm particles although it is not
enough to prevent their deflection from the optical sorter, hence the very small
difference between the percentages of these particles deflected with the ultrasound
on compared with the same case with no ultrasound. This was also the case with
the Bessel beam trap in chapter 3 where we saw that the 2 µm particles were
not largely affected by the acoustic force and were able to be manipulated freely
using an optical trap. This lateral force was also present during the Stoke’s drag
procedure although the direction of the drag was not against the direction of the
lateral acoustic forces and there was no largely noticeable effect. The quantifying
of acoustic forces using an optical trap in this manner though is an avenue that
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may prove fruitful were further study to be carried out.
Larger particles such at 10 µm and above were considered for this study, how-
ever, although the acoustic forces would have been stronger on particles of this
size, these particles would not have been deflected by the optical landscape even
without the presence of the acoustic force. It may be possible to deflect particles
of this size through use of wider interference fringes or increased laser power but
this was out of the scope of the current thesis.
6.5 Conclusions
In this chapter, it was shown that the transparent transducer described in chapter
5 can be easily integrated into any optical system without any need for reconfig-
uration retaining the ability to use through illumination methods and for it to be
used in conjunction with complex optical systems. This device, when combined
with a standard optical tweezer, was able to increase the optical trap stiffness by
moving the particle away from a surface. Moreover it was shown that the effi-
ciency of a multi-beam interference optical sorter could be increased by utilising
the lateral acoustic forces present to hold larger particles in place to prevent them
from being further moved by the optical landscape and from the FOM analysis
the most efficient stage speed for operation is 30 µms−1.
7Discussions, Conclusions and
Future Outlook
7.1 Discussions and future directions
This thesis has presented a few different configurations for the combined use of
optical and acoustic trapping. Whilst both optical trapping and acoustic trapping
are now well established techniques there are still certain areas where a hybrid
system would prove useful. It is important to maintain the fact that these are
complementary techniques rather than competing. With this in mind there are
a number of opportunities for hybrid trapping, along with many applications,
which were outwith the scope of this thesis, some of which will be discussed in
this chapter.
7.1.1 Patterning structures with acoustics and optics
In order to fully exploit the usefulness of a hybrid system one must focus on the
size regime where they overlap, namely in the 110 µm range. It is at this size
range that optical traps can be very effective at individually positioning particles
with great accuracy whilst the same sized particles can be manipulated acous-
tically over large areas. This presents an opportunity for wide scale patterning
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using acoustic fields with individual fine-tuning using optical traps. To an extent
this is what was presented in chapter 3 although the technique could be further
investigated to include the now available more dexterous acoustic traps [66][60].
The idea of patterning structures using acoustics could be applied to bi-
continuous, inter-facially jammed emulsion gels (bijels). These are a relatively
new class of soft solids consisting of two immiscible fluids which are stabilized
at the interfaces by a layer of colloidal particles [92]. By using particles which
are naturally wetted by both liquids they gather at the interface between the
liquids and jam there, arresting the spinodal decomposition. Such structures are
shown to be incredibly robust, able to undergo significant stress and still self-heal.
Potential applications for Bijels include micro-reaction media [93], soft matter
templates for material synthesis [94] along with being a good model for investi-
gating the interfacial tension and interparticle interactions of such materials. In
the context of this thesis, these structures can be restructured and manipulated
using both ultrasonic and optical fields providing a good method for selective
and custom arrangements which may be necessary for some applications. In the
phase prior to becoming “jammed” the colloid is susceptible to being influenced
by external fields allowing for an opportunity to influence the formation using ul-
trasound standing waves and optical tweezers. Preliminary studies were carried
out in this field although it was not enough to report on fully. An image of one
such bijel taken through digitally scanned lightsheet microscopy is shown in figure
7.1. This particular sample consisted of nitromethane and ethandiol separated
at the interfaces with silica particles. Once the sample is quenched beyond a
certain critical temperature it will form it’s robust structure and it was intended
to pattern the structure using acoustic before it had reached this temperature.
Patterning of structures such as these could be achieved using the method
described in 3 where a large acoustic trap is used to pattern the structure, then it
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Figure 7.1: A light-sheet microscopy image of a bijel consisting of nitromethane
and ethandiol separated by silica particles shortly before the structure is heated up
and the liquids are re-mixed. A video of this can be found at www.youtube.com/
watch?v=PPZxXaYPexs.
can be further tweaked with an optical trap. It is not only the Bessel beam shaped
trap which would be effective in this instance but by using a device such as the one
described by Courtney et. al. [17] arbitrary grid or line patterns could be created.
7.1.2 Vertical acoustic levitation with increased optical
routing
In chapter 4 it was shown that using acoustic levitation in a microfluidic device
can greatly increase throughput whilst not affecting an optical radiation force
traps ability to deflect particles. Whilst the presence of the acoustic levitation
did not improve ability of such a system to sort between two different species of
particle the increased through put is still incredibly valuable to sorting applica-
tions. It was also clear that whilst the 5 µm particles did not experience levitation
to the same extent to which the larger particles did, this could be considered a
two-stage sorter, whereby depending on size or composition some particles remain
in separate axial planes. A similar system has already been devised by the group
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at the University of Southampton [16] but this has not yet been combined with
acoustics.
Whilst the device presented in this device did not show full sorting between
different species of particle there are a number of modifications which could be
made to improve this. For example, a cylindrical lens could be introduced into
the system in order to focus the laser into a light-sheet. This would provide a
wider trapping area for the optical radiation force sorter meaning that some of
the the particles that passed by the current trap may have a better chance of
being caught and deflected by the laser. This would, however, likely have the
same effect on all different particle sizes which would not improve the sorting
aspect. This is not to say that a system of this type would not be able to act
as an effective sorter under certain circumstances. The sorting could be achieved
through further study on particles of different sizes, and at different laser powers
and flow speeds. As the conditions and parameters required to achieve sorting
could be very specific, a set of circumstances under which this could be achieved
may be able to be found.
Were a system of this type to be improved and commercialised, this could
be done through refinement of the microfluidics. A multi-branched microfluidic
system could be introduced where the laser can be lined up to direct certain par-
ticles through one specific branch. This would provide a genuine separation of
the particles and eliminate the problem of the particles being further manipulated
back into the flow centre by the acoustic trap. The laser could also be angled to
further direct the particles down a specific path.
This system could also be further improved through use of one of the transpar-
ent transducers described in chapter 5. The ability to use through-illumination
would improve the imaging and transducers could be placed on more than one
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side to achieve a phase controllable resonant device with multiple trapping re-
gions.
7.1.3 Uses for transparent tranducers
The transparent transducer which was presented in chapter 5 provides a healthy
opportunity to open up new combinations of hybrid trap. Whilst the combination
of this kind of transducer with a standard optical trap and a multibeam optical
sorter was investigated, to use such a device to its full advantage it could be com-
bined with counter-propagating optical traps [6] or with other types of multiple
trap. Several transparent elements could also be used in conjunction, creating
phase-controllable devices such as those described by Bernassau et. al. [61] still
without blocking any planes of optical access. Whilst there are other solutions
to the issue of limited optical access, such as the use of fluorescent particles, the
use of this device does not require modification of the optical system so should
be the preferred option in most instances.
It is not only in trapping where the transparent devices could have a use. In
particular, opto-acoustic imaging, where a pulse of laser light is used to generate
an acoustic response within tissue, may benefit greatly from a transparent ultra-
sonic detector [88]. This would allow for a detector to be used which would not
hinder the initial optical pulse and still presents an opportunity for simultaneous
ultrasonic and optoacoustic imaging.
7.1.4 Optical sorting with acoustic trapping
The optical sorting system shown in chapter 6 is based on work by MacDonald
et. al. [49] which was shown to be effective in sorting between red blood cells and
white blood cells. It is the intention for this system to be further applied to sort-
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ing between differentiated and un-differentiated stem cells and with manipulating
Human promyelocytic leukemia cells (HL60). These processes in particular may
benefit from an increased throughput system and by using acoustic levitation in
conjunction with a microfluidic set up this could be easily achieved.
There are several other hybrid trap configurations which could be explored on
top of the ones presented in this thesis. For example, arrays of optical traps cre-
ated by spatial light modulators (SLM) or acousto-optic deflectors (AOD) were
not within the work of this thesis and could present an interesting for use with
large acoustic standing wave traps by using multiple trapped particles to measure
the acoustic force in several different regions of the field at once. This wealth of
prospects certainly warrants further investigation on top of the systems present
here.
7.2 Conclusion
The complementary micromanipulation modalities of optical trapping and acous-
tic trapping lend themselves very well to hybridisation. Whilst acoustic trapping
can provide huge scalability and the ability to trap large samples over large ar-
eas, optical trapping offers very fine precision and dexterity over small numbers
of particles. Combining these can be very effective and help to achieve a system
that offers the best of both worlds.
This thesis has presented several combined optical and acoustic trapping sys-
tems which perform a number of functions. Chapter 3 presented an acoustic
Bessel beam trap, capable of trapping a polydisperse sample of particles over a
very large area. As the acoustic force on such particles scales with their size, the
smaller particles (on the order of 1 5 µm in diameter) were able to be manipu-
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lated by a single beam optical trap and moved between trapping regions.
Chapter 4 showed a rudimentary optical sorting system based on a single op-
tical radiation force trap acting to deflect particles within a microfluidic flow.
Used in conjunction with an acoustic planar resonator, which moves particles
away from all surfaces, the throughput of this system was increased dramatically
whilst the effectiveness of the radiation force trap was retained.
In order to further integrate optical traps with acoustic traps a transparent
acoustic trap was devised and is described in chapter 5. This device consisted of
an active piezoelectric element of lithium niobate coated with indium tin oxide
electrodes. The use of a transparent device increases the ease with which optics
and acoustics can be integrated by retaining all planes of optical access. This
device was further characterised and found to perform favourably with conven-
tional opaque transducers.
This transparent device was then integrated with a single beam optical trap
and increased the trap stiffness by moving all particles away from boundaries as
described in chapter 6. This was also integrated into a multi-beam interference
optical sorting set and shown to enhance the sorting between 2 and 5 µm micro-
spheres by holding the 5 µm particles in place whilst the 2 µm particles could be
manipulated freely.
This thesis presented just three types of hybrid trap configuration and all were
shown to be effective in some way. More complex acoustic traps are now available
which could present further opportunities for hybridisation and the transparent
device can be integrated into almost any optical system without need for modi-
fication. Along with enhancement of the methods presented here, more complex
hybrid systems could be devised in order to address the needs of several applica-
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tions that cannot be managed by one modality on its own such as large scale cell
patterning with the ability to fine tune selected cells and enhancement of optical
and acoustic cell sorting.
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